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Concrete structures are susceptible to several factors during their life cycles, which can cause 
various problems. This situation can be avoided in many cases if Structural Health Monitoring (SHM) 
is used. However, such monitoring is often expensive due to the large number of sensors and the use of 
data acquisition systems (DAQ). In this context, self-sensing cement composites (SSCCs), monitoring 
themselves without sensors by incorporating conductive fillers in their composition, provide a better 
piezoresistive effect. In this research, the Arduino platform and analog to digital converters (ADC) 
modules were tested, and a prototype of a low-cost DAQ was developed for monitoring SSCCs. The 
devices were analyzed from the compression tests on the mortar specimens, and the results were 
compared to measurements obtained from the reference equipment (professional DAQ). The results 
showed a good sensitivity and an adequate correlation between both devices in some cases. It showed 
that the Arduino platform has the potential to be used in the experimental monitoring of SSCCs, 
however it needs to be combined with an ADC module.
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1. Introduction
The great advances in the technology of concrete 

production, such as ultra-high performance concrete, has 
been used in construction such as skyscrapers and marine 
construction, in addition to those such as large bridges, 
tunnels, and highways. Such constructions are exposed to 
a variety of factors during their life cycles, such as aging of 
materials, wind loading, ocean waves, and earthquakes, or 
even the variation in loading caused by inappropriate use of 
constructions. These situations often cause damage to the 
structure, which manifests itself in the form of corrosion, 
cracking, and disintegration, as well as strain and excessive 
displacement. These manifestations often can promote the 
occurrence of the collapse of the structure, and several of 
these collapses could be avoided if there was adequate 
monitoring of the structure1-3.

Most of the time when Structural Health Monitoring 
(SHM) is used, several sensors have been used, which can 
be expensive. In addition, these sensors can cause, in some 
situations, the loss of mechanical properties of the structure 
when they are embedded in the structure. Therefore, sensors 
that do not harm the mechanical properties of the structure, 
as well as are low-cost, and have a long service life, can 
solve the disadvantages of current sensors4,5.

To solve such disadvantages in SHM, researchers are 
increasingly interested in the use of self-sensing cement 
composites, which consist of a material able to feel itself 
without the need to install embedded or coupled sensors, 

promoting multifunctionality to the composite. Thereby, in 
addition to performing its elementary function as a building 
material, the composite monitors itself, without losing its 
mechanical properties and without reducing its durability2,6.

Although the use of self-sensing cement composites is 
currently attracting more and more attention from researchers, 
it has been studied since the early 1990s, when researchers 
Chen and Chung published their findings, making 1993 a 
milestone for the beginning of the subject. It was the time 
when studies involving the self-sensitivity of concrete with 
carbon fibers began by measuring its piezoresistivity compared 
to strain caused by mechanical forces2,7,8.

However, even though great progress has been achieved 
in the field of SHM, there is still a need to overcome several 
challenges so that self-sensing cement composites can be 
effectively used on a large scale in monitoring structures. 
Currently, researchers are concerned about the behavior of 
these materials on issues such as the relationship of their 
characteristics with electrical resistivity, which leads to the 
need for more studies and analysis before they can be used 
in large real structures9,10.

Beyond the challenges involving advances in technology 
for the development of self-sensing concrete, other barriers 
also make it difficult to use, such as the hardware and software 
used in the Data Acquisition Systems (DAQ) of SHM. These 
systems have a high cost for purchase and they usually are 
not open-source code, that makes it impossible for them to 
be freely reproduced11,12.

In general, the high cost and complexity of operations 
involving the use of DAQ (hardware and software) means *e-mail: lamaripalma@hotmail.com
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that there is a limit to their use by researchers. Therefore, the 
development of an open-source system can help the expansion 
of the use of SHM11,13, including the monitoring of SSCCs.

Several researchers have used low-cost microcontrollers 
in experiments involving physical quantities, including some 
associated with SHM, such as strain measurement, acceleration, 
and electrical resistivity. Part of these researches (Table 1) 
uses the Arduino platform, due to its low-cost and relative 
ease of operation, as well as its possibility of integration with 
the Internet of Things (IoT)15,21-24. In addition to Arduino, 
other platforms such as the Raspberry Pi, ESP-8266, and 
Beagleboard are also frequently used by researchers in the 
field of SHM25-28.

In the field of electrical resistivity analysis, Cardona-
Vivas  et  al.29 used the Arduino platform to evaluate the 
piezoresistivity of a sensor developed based on acrylic resin 
with the incorporation of waste from electric batteries. Another 
application of the Arduino platform involving electrical 
resistivity was developed by Birgin et al.30, which used the 
platform in a weight detection system for vehicles in motion 
on a self-sensing asphalt pavement. Both researchers found 
promising results with the use of the Arduino platform for 
self-sensing analysis.

The scientific literature on the uses and applications of the 
Arduino platform is vast and almost inexhaustible. Certainly, 
its use may imply limitations and disadvantages. However, the 
Arduino platform already presents itself as an advantageous 
tool in the field of electronic prototyping31. The only uses 
of the Arduino in self-sensing cement composites (SSCCs) 
experiments are only related to using the platform to 
supply voltage or to transfer data32-35. Despite the countless 
applications registered in the literature about the use of 
Arduino in SHM, its use and the development of a low-cost 
system for monitoring SSCCs based on the piezoresistive 
effect were not found.

Therefore, this paper shows Arduino’s tests and 
complementary modules, as well as the development of a 
prototype of a low-cost system for monitoring SSCCs based 
on the piezoresistivity effect. It was made with open-source 
hardware and software.

2. Self-Sensing Cement Composites Based 
on Piezoresistivity
Cementitious composites, such as concrete and mortar, 

are considered insulators in terms of their ability to transmit 
electrical energy. Therefore, conductive materials are 

incorporated into cementitious composites, which allow 
good electrical conductivity, as well as the occurrence of 
the piezoresistivity effect, which allows the increase of the 
ability to detect mechanical stresses and strains through the 
self-sensitivity of the composite. Therefore, self-sensing 
cementitious composites become multifunctional since 
the addition of conductive fibers, in addition to improve 
the piezoresistive effect, can also increase other properties 
of concrete and mortar, such as increased strength, greater 
ductility, and improved durability2,36.

Several types of fibers, such as those made from polymers, 
glass, and carbon, have been used in the production of cement 
composites to improve the physical properties of fresh and 
hardened concrete. However, fibers based on polymers and 
glasses are considered insulating materials for electricity. 
In other words, they are not useful in the manufacture of 
concrete that seeks self-sensitivity through the change of 
electrical resistivity, which is the case of carbon fibers and 
steel, which have good electrical conductivity37.

The fillers that compose the piezoresistive material can 
be either fibers or particles. In the case of fibers, they can 
be long or short, which characterizes their discontinuity. 
In addition to the presence of porosity and internal water 
in the concrete, the placement of fillers is another important 
factor in the piezoresistivity mechanism37, as illustrated in 
Figure 1 elaborated from38,39.

It is not only the conductive filler that will influence 
the piezoresistivity of self-sensing concrete but also other 
variables, especially those related to concrete rheology, such 
as water/cement ratio, chemical additives, and characteristics 
of conventional aggregates, since they directly interfere in 
the dispersion of the conductive filler with the composite 
and consequently change the electrically conductive paths40.

Also based on Figure 1, when the specimen has a strain 
from uniaxial compression, the fibers and particles come 
closer, creating longer electrically conducting paths than those 
existing before the strain. This situation causes the electrical 
current to increase due to the higher conductivity, from the 
reduction of the electrical resistance, which characterizes 
the effect of piezoresistivity on SSCC2.

To analyze the resistivity, it is recommended that the 
metallic electrodes be embedded (Figure  2, elaborated 
from41,42) in the cementitious composite, which also helps to 
reduce the noise since they are unavoidable in measurement 
processes of electrical quantities43.

For piezoresistivity analysis, it is necessary to determine 
the electrical resistivity (ρ) as the change of compression load 

Table 1. Applications with Arduino in SHM.

Arduino model Application Quantity properties Reference
Genuino Concrete slab Acceleration (vibration) Nunes et al.14

Mega Concrete beams Strain, force and displacement Silva et al.15

Nano Metallic stair Humidity, temperature, acceleration (vibration), strain and impact Malik et al.16

Uno Small-scale bridge model Acceleration (vibration) Patel et al.17

Uno Railway bridge Acceleration (vibration) Ozdagli et al.11

Uno Concrete beams Acceleration (vibration) Khan et al.18

untold Joint in steel frame Acceleration (vibration) Serdjuks et al.19

ProMini Concrete blocks Sonic speed of propagation Misra et al.20

Due Aluminium cantilever Acceleration (vibration) Buckley et al.21
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applied to the structure or specimen occurs. From Ohm’s 
Law, it is possible to obtain the electrical resistance (R) 
and consequently the resistivity (ρ) according to Equation 
1 adapted from44,45. The values of the contact area (A) of the 
electrodes with the composite and the distance (L) between 
them are all known (Figure 2).

RA
L

ρ = 	 (1)

However, the SSCCs based on the effect of piezoresistivity 
are not restricted only to the property of offering electrical 
resistance. They also have characteristics related to 
electrical capacitance46, a situation that makes SSCCs not 
purely ohmic materials. Due to their capacitance property, 
SSCCs suffer from the polarization effect, causing a delay 
in the stabilization of the electrical resistance, similar to 
the behavior of capacitors41. The polarization effect is due 
to the movement of free ions in the pores of the cement 
matrix when subjected to an electric field. Negative and 
positive ions move towards the electrodes, separating from 
the center of electrical charges. This movement generates 
an electric field in the opposite direction to the current 
flow, which causes the electrical resistance to increase 
over time47.

Thus, only when complete polarization of the composite 
occurs, its resistance can be estimated from Ohm’s Law48. 
Otherwise, the measurement results may be impaired due to 
the polarization effect. This effect can be avoided by using 
alternating current (AC) or biphasic DC6,49.

One of the types of electrical circuits that can be 
used to measure electrical resistance in SSCCs is that in 
Figure 3 elaborated from36, where the electrical resistance of 
the composite (RC) is determined using Equation 2 adapted 
from41,50. The values of a fixed reference resistor (Rref), 
electrical supply voltage (Uin) of the circuit, and the electrical 
voltage between electrodes embedded in the composite (Uc) 
are all known.

c
C ref

in c

UR R
U U

=
−

	 (2)

After determining the RC, it replaces R in Equation 1 and 
the electrical resistivity (ρ) of the composite is obtained. 
Therefore, the sensitivity of the piezoresistivity can be 
analyzed through strain (ɛ) by the Equation 3 adapted 
from51,52, where K is the gauge factor. As an alternative, the 

sensitivity can also be analyzed through stress (σ) through 
Equation 4 adapted from53-55, where SS is the stress sensitivity.

0K
ε

∆ρ
ρ

= 	 (3)

0SS

∆ρ
ρ

=
σ

	 (4)

Figure 1. Scheme of self-sensing cement without load (a); with load compression (b).

Figure 2. Electrical resistance measurement scheme in a piezoresistive 
specimen with embedded electrodes.

Figure 3. Circuit for measuring electrical resistance in piezoresistive 
composites.
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The piezoresistivity analysis is commonly showed in 
the literature through Equation 5 adapted from45, where the 
Fractional Change in Resistivity (FCR) value is obtained.

0
FCR% 100ρ

ρ
	 (5)

The FCR value is used for comparing the mechanical 
stress, strain, and force applied to the structure or specimen, 
to verify the piezoresistive effect, as well as to obtain, in 
some cases the gauge factor of the composite.

3. Materials and Methods
This work consisted of three experimental stages 

(Figure 4). The first stage was the execution of preliminary 
tests that led to the selection of the most suitable hardware 
components for the development of the prototype, which 
was the second stage. Lastly, the third stage included the 
prototype tests. However, even before these stages, mortar 
specimens were prepared with the characteristics described 
below (section 3.1.).

A professional DAQ (Micro-Measurements, model: 
8000-8-SM) was used as a reference to compare the results 
of the preliminary tests and the prototype tests.

3.1. Specimens preparation
Mortar mix proportions were produced, with the 

composition indicated in Table  2. Graphite was used to 
make the mortar more electrically conductive, so that the 
piezoresistive effect could be better seen.

According to the manufacturers, the specifications of 
the raw materials (Figure 5) used were: Portland Cement 
(marketed by Votorantim Cimentos) Classification CP-II-F-32; 
Graphite powder (marketed by Wonder Company), carbon 
(loss to fire) >72%; ash at most 28%; maximum humidity 
0.5%; Sand type was from quartz.

The physical properties of the raw materials are indicated 
in Table 3, and the granulometric analysis of the sand and 
graphite is shown in Figure 6.

The preparation of the mortar consisted of manually 
mixing the raw materials. The molding and curing of the Figure 4. Flow of experimental stages.

Figure 5. Sample of raw materials utilized in mortar production (measurement in millimeters).

Table 2. Mix proportions of the mortar in terms of cement mass.

ID Cement Sand w/c ratio Graphite
T0 1 4 0.50 0
TG 1 4 1.05 0.25
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mortar’s specimens (Figure 7) followed the Brazilian standard 
NBR 16868-259, for cubic specimens, with dimensions of 
40 x 40 x 40 mm3, used in compression tests.

During the molding of these specimens, 4 aluminum 
electrodes with dimensions of 35 x 20 x 0.1 mm3 each were 
used, of which 35 mm in length, 25 mm embedded in the 
mortar, giving a contact area of 50 mm2 with the mortar. 
The electrodes were spaced 10 mm between them. In each 
of the specimens, a strain gauge of 120  Ω was installed 
(Figure 8), so that it was possible to compare the effect of 
piezoresistivity with the strain.

After the curing process (28 days), no drying process 
was performed on the specimens before the tests.

3.2. Setup of compression tests
As these are non-destructive tests, a manual press 

system was used, where the specimens were arranged as 
shown in Figure 9.

Reference values of force (F) from the load cell and strain 
(ɛ) from the strain gauge were collected simultaneously by a 
reference DAQ for further analysis in comparison to the data 
obtained by the devices (Arduino, ADS1115 and HX711) 
or the prototype presented in this work. The sampling rate 
used for all data acquisitions was 10 Hz. The maximum force 
applied was approximately 2 kN, as that is sufficient intensity 
to cause the piezoresistive effect in the samples60, as well as 
not to cause their rupture, as they are non-destructive tests.

The relationship between quantities (bytes, voltage, force, 
and strain) was verified by using the Pearson Correlation 
(r) analysis61, coefficient of determination (R-Square) and 
sensitivity (S) of the piezoresistivity according to Equations 
6 and 7 adapted from Equations 4 and 5. A statistical analysis 
was performed with analysis of variance (ANOVA one-way) 

Table 3. Physical properties of the raw materials.

Properties Cement Sand Graphite
Specific mass [g/cm3] 2.95a 2.64b 2.41a

Unit weight [g/cm3] 0.91d 1.48c 0.38d

Maximum diameter [mm] - 4.80e 0.15e

Fineness modulus - 2.03e 0.25e

Reference standards: aNBR 1660556; bNBR 1691657; cChapman vessel; dNo 
standardization; eNBR 1705458

Figure 6. Granulometric distribution (standard NBR 1705458) of 
sand and graphite particle sizes.

Figure 7. Mortar and specimen preparations.
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followed by the Tukey Test, where a p<0.05 was considered 
to indicate a statistically significant difference. These analyses 
were performed using OriginLab Pro software, version 2022b.

 Bytes∆
=

∆σbytesS 	 (6)

=
∆σstress

FCRS 	 (7)

3.3. Devices preliminary tests (Arduino, ADS1115 
and HX711)

The Arduino electronic prototyping platform was 
selected due to its low-cost, relative ease of use, and because 

it is an open-source platform, as well as the ADS1115 and 
the HX711 modules, which are low-cost analog-digital 
converters (ADC).

Initially, only the Arduino electronic prototyping platform 
model UNO R3 was tested, without the use of any of the 
additional modules. Two analog ports (A0 and A1) were 
used to measure the differential change of electrical voltage 
between 0-5 V, which performs an analog-digital (AD) 
conversion in 10 bits. Then, together with the same Arduino, 
the ADS1115 analog-digital converter module was used, which 
performs conversion in 16 bits. Finally, the analog-digital 
converter module HX711 was used together with the same 
Arduino, which performs conversion into 24 bits. In these 
three devices, the voltage source of the measurement circuit 
(Figure 3) was provided by direct current (DC).

The tests with each of the three devices were conducted 
through compression tests on cubic specimens, with comparison 
between the values in bytes resulting from the change in 
electrical voltage measured at the electrodes caused by the 
piezoresistivity effect. This value in bytes was compared to 
the force (F) and strain (ɛ) readings collected simultaneously 
by the reference DAQ for further analysis.

Based on the preliminary results, the HX711 module 
was chosen for the prototype shown in this article.

3.4. Prototype development
In the initial tests described in section 3.3, with results 

presented in section 4.1, the values ​​of the digital data were 
limited to the use of bytes, thus, there was no conversion to 
electrical quantities like those used in the piezoresistivity 
analysis. For the conversion to be possible in these units, 
it was necessary to use reference resistors (Rref), with an 
arrangement according to the circuit shown in Figure 3.

However, since it is a reference resistance value that 
may need changes for certain reading values, five metalfilm 
resistors were inserted in the circuit, in the following values 
1 kΩ, 10 kΩ, 100 kΩ, 1 MΩ and 10 MΩ (component #2 of 
Figure  10), which are switched using a selector switch 
(component #1 of Figure 10 and Figure 11a). To reduce the 
noise inherent to measurement systems, a 1 μF multilayer 
ceramic capacitor (component #3 in Figure 10) was installed 
at the closest electrical power supply to the specimen.

The initial circuit, consisting of components #1 to 
#5 in Figure 10, connects to the HX711 module and this 
to the Arduino, which transfers the information via serial 
communication (RX/TX) to the HC-05 Bluetooth module 
(respectively components #7, #8 and #6 of Figure 10). In the 
final version of the prototype, the Arduino NANO module was 
used, so that it was possible to reduce the size of the system.

An independent DC power supply system was used for the 
Arduino/HX711/LED and another for the HC-05 Bluetooth 
module, to avoid any type of voltage/current change that could 
oscillate the measurements, once only one power supply 
(Hi-Link-PM01) module (component #11 in Figure  10) 
there was an oscillation in the circuit supply. However, there 
are other ways (filtering, bypassing, or post-regulation the 
signal) to solve this problem, aiming to use only one power 
supply, which was not the goal of this research.

For the operation of the prototype, a mobile app was developed 
to be used on smartphones or tablets. This software (app) was 

Figure 8. Specimens with electrodes and strain gauges installed.

Figure 9. Setup of compression tests.
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developed using the App Inventor online platform, which is 
maintained by the Massachusetts Institute of Technology (MIT).

Figure 12a shows the flow of data, which arrives in the 
form of a digital signal in bytes, transferred from the prototype’s 
hardware to the smartphone (or tablet) through a wireless 
transmission of the Bluetooth (BT) type. The value in bytes 
is converted into voltage and resistance until the resistivity 
is found, which is based on other factors, such as the values 
that are inputted on the user interface screen (Figure 12b).

Also, in the app’s data acquisition screen (Figure 12b), 
the recording (in the smartphone’s internal memory) of the 
results displayed on the screen can be activated by activating 
the “Record” switch. Once these data have been recorded, 
they can be exported in the Comma Separated Values (CSV) 
format for use in spreadsheet software such as MS-Excel.

As it is an open-source system proposal, the firmware 
programming codes for use in Arduino NANO or UNO, as 

well as the app software (for smartphones and tablets with 
Android OS), are available in supplementary data.

3.5. Tests with the developed prototype
Before the tests of the prototype, due to the scarcity 

of information in the literature about prototypes applied 
to piezoresistivity analysis in self-sensing cementitious 
composites, reference parameters were established. These 
parameters were determined from tests conducted only with 
the reference DAQ, which were compared to each other in 
the following cases: FCR (piezoresistivity) versus applied 
force (F); and FCR versus strain (ɛ).

After establishing such reference parameters, the same 
specimens were tested using the prototype developed, 
through the acquisition of electrical voltage by the 
prototype and other quantities (force and strain) by the 
reference DAQ.

Figure 10. Prototype hardware design with Fritzing software.

Figure 11. Hardware of the prototype developed.
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4. Results
The results below were divided into two sections. The first 

section (4.1) shows the preliminary testing stage that led to 
the choice of the converter module used in the prototype 
development. The second section (4.2) presents the results 
of the prototype tests.

4.1. Preliminary test results
The test with mix proportion T0 for measuring electrical 

change due to piezoresistivity caused by compression was 
almost imperceptible in the case of the use of an Arduino 
for the strain response and applied force, as shown in the 

graph in Figure 13a. In the case of the same test, but with 
the mix proportion TG, there was a graphically perceptible 
piezoresistive response, as shown in Figure 13b, which is 
suggested to have occurred due to the addition of graphite.

Afterward, the tests were redone using the ADS1115 module 
together with an Arduino. In the case of the mix proportion 
T0, there was a significant increase in the graphic perception 
(Figure 14a) of the piezoresistive response compared to the 
results obtained only with the use of Arduino (Figure 13). 
This was probably due to the higher resolution in the AD 
conversion rate of the module, in this case 16 bits. In the 
same test, but with the TG mix proportion, the piezoresistive 
response was close to the compression force used, as shown 

Figure 12. Information flow in the app (a) and the app’s data acquisition screen (b).

Figure 13. Arduino without complementary module in compression test with mix proportions T0 (a) and TG (b).
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in Figure 14b. This happened because graphite was added 
to the mix.

The graphic results of the tests using the HX711 module 
with Arduino are presented in Figure 15. In the case of the 
mix proportion T0, there was a significant increase in the 
graphic perception (Figure 15a) of the piezoresistive response 
compared to the results obtained only with the use of Arduino 
(Figure 13) and the ADS1115 module (Figure 14). This was 
probably due to the higher resolution in the AD conversion 
rate of the module, in this case, 24 bits. Therefore higher 
resolution provided by the use of the HX711 module, the 
graphic results between T0 and TG (Figure 15b) were visibly 
close between them, but the sensibility of the TG was higher 
than the T0, due to the addition of graphite.

The results of the sensitivity analysis between the 
electrical and mechanical variations of each device (green 
lines in Figures 13, 14 and 15), show (Table 4) an increase 
in sensitivity with the increase in the AD conversion rate, as 
well as between the mix proportions T0 and TG.

The piezoresistive effect that occurred in the control 
mixture (T0) has also been observed in other studies62-65. 
Some researchers42,66 evaluated the moisture in the specimen, 
which can explain the piezoresistive response of the mix 
proportion T0 (without graphite).

The analysis of variance (ANOVA one-way) was 
performed separately for each device, using the sensitivity 
values from Table  4. The results are shown in Table  5, 

indicating that some means are different (p-value<0.05) at 
a level of 95% significance.

The Tukey’s Test of the sensitivity values showed a 
significant difference in mean, especially in the case of the 
HX711 when compared to the other devices and between 
the T0 and TG mix proportions, as shown in Figure 16.

In addition to the graphical and statistical analyses, the 
Pearson’s correlation and R-squared results in Figures 17 and 18, 
also show a better result for the HX711 module. In all cases 
of these results (Arduino, ADS1115, and HX711), the mix 
proportion with graphite (TG) gave a better response than 
without graphite (T0).

In all tests with the HX711 module, it was found that there 
was an increase in noise in the readings when touching the 
manual press, to make the compression, which was reduced 
by using insulating gloves.

In the case of using the ADS1115 module, although the 
correlation results by Pearson analysis were not satisfactory 
when compared to the use of the HX711, the graphic response 
(Figure  14) showed a better visual correlation between 
piezoresistive effect and mechanical compression effect 
(force and strain), which was not found in the case of using 
Arduino without any additional modules.

4.2. Test results of the prototype developed
With the system prototype (hardware and software) made, it 

was initially tested to verify the polarization effect in comparison 

Figure 14. Arduino with ADS1115 module in compression test with mix proportions T0 (a) and TG (b).

Figure 15. Arduino with HX711 module in compression test with mix proportions T0 (a) and TG (b).
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with the reference DAQ. In these tests, the specimens (T0 and 
TG) remained without mechanical load during the period of 
data acquisition (approximately 600 seconds).

In the case of the mix proportion T0, it was graphically 
observed (Figure 19) that the stabilization of the voltage 
measurements had begun in both cases (prototype and reference 
DAQ) between 100 and 200 seconds. Figure 20 shows the 
percentage of variation stabilization of the voltage measurements, 
calculated in an interval of 10 seconds. Results show that in 
the case of the reference DAQ, stabilization (<2%, yellow 
line) occurred in about 78.6 seconds (Figure  20a). The 
same stabilization (<2%, yellow line), but in the prototype, 
occurred in about 147.2 seconds (Figure 20b).

For the specimen composed by mix proportion TG, it was 
also graphically observed (Figure 21) that the stabilization of 
the voltage measurements had begun in both cases (prototype 
and reference DAQ) between 100 and 200 seconds. Results 
show that in the case of the reference DAQ, stabilization (<2%, 
yellow line) occurred in about 110.9 seconds (Figure 22a). The 
same stabilization (<2%, yellow line), but in the prototype, 
occurred in about 212.6 seconds (Figure 22b).

Before the piezoresistive tests with the prototype, 
tests were done only with the reference DAQ to establish 
a reference parameter for the piezoresistivity effect in the 
specimens (T0 and TG). The results of these measurements 
are shown in Figure 23.

Table 4. Sensitivity analysis with different devices (Arduino, ADS1115 and HX711).

Device Sample Figure Time (s)
Peak Value Sensitivity 

Equation 6 
(Bytes/MPa)Δ Stress (MPa) Δ Bytes

Arduino

T0 13a
12.3 1.39 24 17.3
28.3 1.31 26 19.9
42.7 1.64 34 20.8

TG 13b
24.3 1.22 31 25.4
38.7 1.06 37 35.0
60.6 1.26 29 23.1

ADS1115

T0 14a
22.1 1.22 1,941 1,585.4
36.1 1.32 1,926 1,459.8
49.8 1.43 2,430 1,699.2

TG 14b
24.8 1.23 6,810 5,534.5
41.6 1.32 7,390 5,583.3
56.3 1.31 7,574 5,803.0

HX711

T0 15a
17.8 1.24 592,736 476,522.1
36.3 1.40 635,674 454,477.5
52.3 1.42 609,341 428,604.6

TG 15b
14.4 1.49 2,086,021 1,404,446.1
28.0 1.42 1,940,115 1,362,089.5
42.5 1.42 1,946,317 1,370,129.0

Table 5. ANOVA between different devices (Arduino, ADS1115 and HX711).

Comparison Degree of 
freedom Sum of Squares Mean Square F* p-value

Arduino vs. 
ADS1115

Model 3 2.11059E7 6.33176E7
2423.578 3.5896E-12

Error 8 8708.56192 69668.49538
Arduino vs. 

HX711
Model 3 3.80263E12 1.26754E12

4688.935 2.5680E-13
Error 8 2.16261E9 2.70326E8

HX711 vs. 
ADS1115

Model 3 3.78298E12 1.26099E12
4664.552 2.6221E-13

Error 8 2.16268E9 2.70335E8
*F is the ratio between Mean Squares

Figure 16. Tukey test between Arduino-ADS1115 (a), Arduino-
HX711 (b), and ADS1115-HX711 (c).
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Then, the tests were performed where the acquisition 
of the FCR was done with the developed prototype and the 
mechanical parameters (force and strain) with the reference 
DAQ. The results of these measurements are shown in 
Figure 24.

Graphically, it was possible to observe that the majority of 
the results in Figures 23 and 24 showed a good piezoresistive 
effect (FCR) response to the mechanical parameters (force and 
strain). Some unsatisfactory FCR results (Figure 24b) suggest 
that these are not problems directly related to the developed 

Figure 17. Correlations analysis (Pearson’s r and R-Square) with different devices (Arduino, ADS1115 and HX711).

Figure 18. Graphical comparison between correlation analyses with different devices (Arduino, ADS1115 and HX711).
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Figure 19. Polarization effect between prototype and reference DAQ with mortar T0.

Figure 20. Variation of the polarization effect in an interval of 10 seconds with mortar T0.

Figure 21. Polarization effect between prototype and reference DAQ with mortar TG.
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Figure 22. Variation of the polarization effect in an interval of 10 seconds with mortar TG.

Figure 23. Comparative results between FCR and mechanical parameters, using the reference DAQ.
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prototype, as they were also observed (strain) in the case of 
using the reference DAQ. Another expected result was that in 
the case of the mix T0, thus, without the addition of graphite, 
there would be less response to the piezoresistive effect than 
in the case of the mix TG with the addition of graphite, due 
to the improvement in the conductivity of the composite.

The results of the sensitivity analysis of the reference 
DAQ and prototype (green lines in Figures  23  and  24), 
show in Table 6 that there is no good sensitivity in the use 
of the prototype, as found in the preliminary tests. These 
results only showed a difference in sensitivity between the 
mix proportions T0 and TG.

The analysis of variance (one-way) was performed between 
the reference DAQ and prototype, using the sensitivity values 

from Table 6. The results are shown in Table 7, indicating 
that some means are different (p-value<0.05) at a level of 
95% significance.

The results of Tukey’s Test of the sensitivity values 
between the reference DAQ and prototype showed (Figure 25) 
a significant difference in mean. However, this result was not 
desirable, because it indicated an unsatisfactory performance 
when compared with the preliminary results. In the case of 
the reference DAQ, these results showed a difference in 
sensitivity between the mix proportions T0 and TG.

The results of Pearson’s and R-squared in Figures 26 and 27 show, 
in general, that the mix proportion with graphite (TG) had 
a better correlation than without graphite (T0), when the 
prototype or the reference DAQ are used.

Figure 24. Comparative results between FCR and mechanical parameters, using the developed prototype and the reference DAQ.
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Figure 25. Tukey Test between prototype and reference DAQ.

Figure 26. Correlations analysis (Pearson’s r and R-Square) between prototype and reference DAQ.

Table 6. Sensitivity analysis with prototype and reference DAQ.

Device Sample Figure
Peak Value Sensitivity 

Equation 7 
(MPa-1)Time (s) Δ Stress (MPa) FCR (%)

Reference

T0 23a
20.0 0.44 259.68 5.97
33.8 0.48 329.52 6.90
52.1 0.54 469.09 8.76

TG 23c
10.5 0.70 843.04 12.03
25.6 0.64 708.38 11.10
40.9 0.38 426.75 11.15

Prototype

T0 24a
11.4 0.66 20.39 0.31
20.4 0.81 30.16 0.37
29.6 0.67 24.64 0.37

TG 24c
38.0 0.49 11.98 0.24
58.5 0.83 22.00 0.27
85.2 0.83 21.47 0.26
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5. Conclusions
Based on the results obtained, especially the sensitivity 

analysis and the good correlation between the measurements 
made by the Arduino with the ADC’s modules in comparison 
to the reference DAQ, it was concluded that low-cost 
technologies applied to the monitoring of SSCCs have 
significant potential to be used. Although at the moment 
limited to the field of scientific research. However, further 
studies and consequent advances can provide the effective 
use of devices like this in real construction.

Still from the results, we can specifically highlight that:
•	 Arduino with 10 bits needs an ADC module of 16 

bits or greater to be used in SSCCs piezoresistive 
analysis;

•	 Although the sample without graphite (T0) showed 
some piezoresistive response, it was not better 
than the sample with graphite (TG), which showed 
better sensitivity and a better correlation between 
FCR and strain;

•	 The decrease in quality of the results between the 
use of the Arduino with the HX711 module and 
the developed prototype may be associated with 
several factors. For example, use of the reference 
resistors and the capacitor;

•	 Reducing the limitations in the use of Arduino in 
prototypes similar to this one demand more tests. This 
can include tests with different conductive materials 
in addition to graphite, as well as different loading 
conditions such as tension and bending moment.

In addition to the low-cost of developing the prototype, 
it was also found that the prototype is relatively easy to use, 
given its friendly interface, promoted by the operation through 
an app on a smartphone. This integration of materials and 
structures with Arduino and a smartphone is also a good fit 
for goals like the Internet of Things (IoT) and smart cities.

Finally, making the codes and schemes for the development 
of the prototype in question open-source allows other 
researchers to reproduce it for use in their research, in 
addition to collaborating on its improvement.
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