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APRESENTAÇÃO

A Engenharia Mecânica pode ser definida como o ramo da engenharia que aplica 
os princípios de física e ciência dos materiais para a concepção, análise, fabricação e 
manutenção de sistemas mecânicos. O aumento no interesse por essa área se dá 
principalmente pela escassez de matérias primas, a necessidade de novos materiais que 
possuam melhores características físicas e químicas e a necessidade de reaproveitamento 
dos resíduos em geral.

Nos dias atuais a busca pela redução de custos, aliado a qualidade final dos produtos 
é um marco na sobrevivência das empresas, reduzindo o tempo de execução e a utilização 
de materiais.

Neste livro são apresentados trabalho teóricos e práticos, relacionados a área 
de mecânica e materiais, dando um panorama dos assuntos em pesquisa atualmente. A 
caracterização dos materiais é de extrema importância, visto que afeta diretamente aos 
projetos e sua execução dentro de premissas técnicas e econômicas.

De abordagem objetiva, a obra se mostra de grande relevância para graduandos, 
alunos de pós-graduação, docentes e profissionais, apresentando temáticas e metodologias 
diversificadas, em situações reais. Sendo hoje que utilizar dos conhecimentos científicos 
de uma maneira eficaz e eficiente é um dos desafios dos novos engenheiros

Boa leitura

Henrique Ajuz Holzmann
João Dallamuta
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ABSTRACT: One of the main methods to 
measure the strain of mechanical components 
addresses the application of piezoresistive 
strain gages. However, the design and posterior 
implementation of the physical infrastructure 
to perform this measurement induces a certain 
quantity of relative error when the experimental 
results are compared to those of the analytic 
calculation. Aiming at reducing this error, this 
paper scopes the comparison of strain and 
load measured via piezoresistive strain gage by 
wire and wireless transmissions. The structural 
element which strain and load are obtained refers 

to a clamped beam made of anodized aluminum 
alloy subjected to a point load, mainly producing 
strain from bending. To accomplish this, a 
piezoresistive strain gage is adhered to the beam 
surface under tension. In the first experiment, a 
prototyping platform Arduino® was connected to 
the strain gage (method with wire). In the second, 
ESP 32® (wireless) replaced the Arduino®. When 
the comparison between wire and wireless 
methods is made, it can be verified that the 
method with wire provides less relative error 
between experimental and analytical results. This 
allows the conclusion that the configuration with 
wire is more appropriate when more accurate 
strain and load results are desired.
KEYWORDS: Strain gage, strain and load 
measurement, wire and wireless transmissions.

1 | 	INTRODUCTION
The strain measurement has wide 

applicability in science and engineering and 
its contribution for these knowledge areas 
incudes the determination of material properties, 
displacements, stresses, behavior at last. The 
prediction of a structural behavior under settled 
circumstances is of great interest because very 
often there are discrepancies between the design 
and the product conceived, according to Nonato 
and Pastoukhov (2012). Besides that, there are 
also regulatory standards that constrain the 
execution of this type of measurement, being 
some of them in the presence of the customer 
combined with reporting. Therefore, strain 
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measurement systems are present in the most diverse branches of industry, highlighting oil 
and gas, aeronautic, and automotive.

1.1	 Background and fundamental concepts
In 1843, Charles Wheatstone applied an electronic circuit capable of measuring 

small signals of electrical resistance variation and called it Wheatstone bridge. In 1856, 
William Thomson found that the resistance of copper and iron conductors subjected to 
tensile loading presented measurable variation. Thenceforth, a wide variety of procedures 
and equipment aiming at measuring strain emerged. The first equipment were essentially 
mechanic and produced a considerable amount of error. In 1937, after innumerous tests by 
researchers around the world, Edward Simons and Arthur Ruge proposed the acquisition of 
strain adhering metallic wires to the surface of a specimen under test. Since then, this type 
of procedure has been enhanced, however keeping its essential principle: the variation of 
metallic wire length attached to the surface of the specimen corresponds to the variation 
of the electrical tension, which is captured by some equipment capable of doing it. This 
variation in electrical tension is linked to the body strain taking into account some material 
properties. Thenceforth, all the strain-dependent quantities can be extracted.

Currently, the most usual piezoresistive-based strain measurement system is 
schematically described by figure 1. The strain gage sensor is attached, as centralized as 
possible, to the point to which the measurement process needs to be performed. The strain 
gage is connected via wire to some board that captures the electrical tension variation. In 
other words, the referred board has the role of the Wheatstone bridge with the strain gage 
as one of its resistors. This board is connected to the computer, which has a black-box 
software or a tailor-made one specifically for the conditions under which measurement is 
performed. Figure 2 shows the main components of a typical strain gage that operates 
attached to the surface measured. Over a layer of a flexible insulation material, a resistive 
wire (made of constantan alloy, for example) is placed, which is covered with a layer of the 
same insulation material of the first layer. From the resistive wire, electrical wire terminations 
(made of tinned copper, for example) come out and represent the interface to which a board 
(for example, Arduino®) is connected. The resistive wire has an effective length, which is 
subjected to shortening (compression) or stretching (tension).
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Figure 1. Scheme of a typical piezoresistive-based strain mesurement system. Source: adapted 
from Silva et al. (2019).

Figure 2. Main components of a piezoresistive strain gage sensor. Source: adapted from 
National Instruments (2020).

A widely applied type of strain gage is that made of metallic wire due to its relative 
high capacity to deform. Besides that, metal alloys typically employed in the gage are 
commonly selected to present the behavior similar to that of the material of the specimen 
under measurement. One of the most frequently available is constituted by flexible insulation 
layers made of polyimide or epoxy, and a resistive wire of a copper-nickel alloy (constantan, 
for example). The grid configuration maximizes the quantity of wire elements disposed 
in the strain direction to be measured, minimizing the cross-sectional area of each wire 
element, which intends to reduce Poisson’s effect. Therefore, the strain is transferred from 
the specimen to the sensor, in order to lose as little as possible in terms of behavior capture.

1.2	 Sensor sensitivity
A measuring instrument can have its sensitivity defined as the ratio between the 

variation in the output signal and the variation in the input signal, according to Keil (2017). In 
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the case of the strain gage sensor, the input and output signals are, respectively, the strain 
and the variation of the electrical resistance, ΔR, relative to its initial magnitude, R, i.e. ΔR/R 
in Equation 1, which establishes the described relation between input and output signals:

                                                     (1)

where k is the so-called gage factor, which establishes the proportionality between 
input and output signals, and ɛ is the normal strain (measured along the effective length of 
the strain gage). Conceptually, in the context of small deformations theory, the strain ɛ may 
be expressed by the variation of the effective length, ΔL, relative to its initial effective length 
magnitude, L (see Figure 2), represented by Equation 2:

                                                   (2)

Substituting Equation (2) into Equation (1), the gage factor k can now be expressed 
in the following manner (Equation 3):

                                                   (3)

This concept came from researches in which the main results were given in terms 
of experimentally obtained diagrams (ΔR/R) x (ɛ), as conceived by Bertodo (1959), for 
example. Observing Ohm’s law, the resistance is given by Equation 4:

                                                   (4)

where ρ is the resistivity of the wire material and A is the cross-sectional area of the 
wire. The premises on which these expressions are based correspond to conservation of 
volume, energy, and temperature, the fact that the wire is prismatic, and the restriction to 
not exceed the elastic limit of the wire material. Although the mathematical development 
related to these premises will not be reproduced here for simplicity purposes, the result of 
the combination of Equations 3 and 4 provides Equation 5:

                                     (5)

where Δρ/ρ corresponds to the part of the electrical resistance variation due to 
volume change, and the other contribution of the right hand side of Equation 5 represents 
the electrical resistance variation due to the geometrical variation of the wire. Furthermore, 
Bridgeman (see Koch et al. (1952) for details) discovered a proportionality factor ɸ 
(expressed in Equation 6) which determines the existence of a proportional relation between 
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the specific variation of the resistivity Δρ/ρ and the specific variation of the volume ΔV/V for 
certain metals (for example, copper-nickel alloys).

                                                      (6)

Combining Equations 5 and 6, it is possible to obtain an equation that relates the 
specific variation of the electrical resistance due to the geometrical and resistivity parts 
(Equation 7):

                                     (7)

Rearranging Equation 7, the gage factor equation is now expressed by Equation 8:

                                         (8)

in which the right hand side of Equation 8 distinguishes two generating factors of 
resistance variation, change in the resistivity and in the geometry, respectively.

1.3	 Measurement circuit
In order to measure strain with a piezoresistive sensor, it is necessary to connect it to 

an electrical circuit capable of interpreting resistance variations. This role can be performed 
by the Wheatstone bridge, which is a circuit that allows the measurement of static and 
dynamic electrical resistance, besides having the possibility to eventually take into account 
temperature compensation. Figure 3 shows a scheme of a Wheatstone bridge, with four 
resistors and the input (Vi) and output (Vo) electrical tensions connected to the points 2 and 
3, and 1 and 4, respectively.

Figure 3. Wheatstone bridge. Source: HBM (2020).
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Its main characteristic is the possibility of achievement of a null difference of electrical 
potential Vo just adjusting the resistance values, i.e. the bridge is said to be in equilibrium 
when the products of the opposite resistances result in the same value, according to the 
Equation 9:

R1R3 = R2R4.                                                 (9)

In the case of resistance variation in any resistor, a non-null potential difference 
(proportional to this variation) is established, i.e. a degree of imbalance is caused. From 
this perspective, if one of the four resistors is replaced by a strain gage, any variation in its 
resistance causes a variation in electrical tension, which can be captured by an equipment 
capable of reading this quantity.

1.4	 Clamped beam subjected to bending from a concentrated load
The mathematical model studied in this work is based on the Euler-Bernoulli beam 

theory as can be seen in Figure 4. F is the applied load (by means of standard weight 
blocks), L is the distance between the point of load application and the medium point of the 
strain gage (sg) adhesion, b and h are the base and the height of the rectangular cross-
section, respectively.

Figure 4. Scheme of the physical situation under analysis. Source: own authorship (2020).

Leaving aside the preamble of the development of this theory, which is not part of the 
scope of this work, the positive strain at the upper surface of the beam is given by Equation 
10:

                                                  (10)

Where y is the distance from the neutral fiber to the fiber in which the calculation is 
performed, E is the elasticity modulus, and I is the moment of inertia of area.
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According to Morris (2001), for the situation of one strain gage connected in the 
configuration of a quarter of the wheatstone bridge and neglecting any strain other than 
mechanical strain, the relation between the electrical tension and the strain is given by 
Equation 11:

                                                     (11)

in which Vo is the electrical tension from the strain gage deformation (output) and Vi 
is the electrical tension from the external supply (input). Since the strain gage is attached 
to the upper surface and the neutral axis of the cross-section is located at its centroid, the 
distance y assumes the value h/2. In addition, for rectangular cross-sections, the value of 
the moment of inertia I is equal to bh3/12 and Newton’s second law is considered (F = mg). 
Thenceforth, combining Equations 10 and 11 with these assumptions and statements yields 
Equation 12 in order to obtain the expected applied mass:

                                                (12)

Which is the experimental mass m captured by the measurement system when all 
the input data are measured in the referred experiment. In order to check its accuracy, this 
value is compared to the theoretical value of the standard weight block inserted on the 
system. Then, Equation 10 can now be applied to calculate the strain at the location of the 
strain gage.

2 | 	MATERIALS AND METHODS
This section refers to the description of the physical infrastructures with wire and 

wireless, highlighting the interfaces, connections, and the strain gage itself, besides the 
description of the experiments conducted aiming at measuring the strain and obtaining 
values as close as possible to the masses of the standard weight blocks employed in the 
experiment.

2.1	 Physical infrastructure with wire
The structural element, object of the strain measurement, is an anodized aluminum 

alloy clamped beam to which a concentrated load is applied. This load derives from a 
standard weight positioned at its free end. A bench vice is employed to fasten the other end 
of the bar aided by an industrial C-clamp (see Figure 5). The strain gage is adhered to the 
upper surface of the rectangular cross-sectional bar (see Figure 6) and is connected to the 
base board, which in turn is connected to the module HX711® (responsible for converting 
an analogic signal to a digital one, besides amplifying it). The Arduino® platform receives 
the data from the HX711® module, which is transferred to the supervision station, where 
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this data is stored and then analyzed. In this configuration, the USB cable, in addition to 
powering up the system, has also the function of sending the data from the Arduino® to the 
supervision station (see Figure 7).

Figure 5. Final assembly of the wire configuration. Source: own authorship (2020).

Figure 6. Strain gage attached to the upper surface of the bar. Source: own authorship (2020).
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Figure 7. Scheme of the connections between the components for the wire configuration.

Source: own authorship (2020).

2.2	 Wireless physical infrastructure
The main distinction to be made between the system dotted with wires and the 

wireless is the replacement of the Arduino® platform by an ESP 32® platform, since the ESP 
32® has an integrated Wi-Fi module. In this way, the data is captured in the same way as 
using the Arduino®, although the use of the USB cable in this configuration is only to power 
up the ESP 32® (the data transfer between ESP 32® and supervision station is wirelessly, 
see Figures 8 and 9).

Figure 8. Final assembly of the wireless configuration. Source: own authorship (2020).
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Figure 9. Scheme of the connections between the components for the wireless configuration. 
Source: own authorship (2020).

The resistance variation from the strain gage is detected by the HX711® module, 
which amplifies the received signal and send it to the micro-controlled prototyping platform 
ESP 32®. In its turn, ESP 32® sends the data through its Wi-Fi system to a supervision 
station to store the output (mass and deformation).

2.3	 Experiments
Two main categories of experiments were conducted, one with the transmission by 

wire, and another wirelessly. In each configuration, five measurements are performed with 
each standard weight block. A mean and a standard deviation were calculated from each 
situation of mass positioned. Four standard weight blocks (0.050, 0.100, 0.150, and 0.200 
kg of mass) were used in the experiment of each configuration (wire and wireless). The 
experimental input and output data were those from Equation 12. Thenceforth, the strain 
at the beam can be calculated by Equation 10. Although they are standard weight blocks, 
the theoretical values of masses employed were double-checked in a precision scale. Both 
configurations were subjected to 26oC of ambient temperature and were not subjected to 
considerable external vibrations (as far as we could observe, not enough to invalidate the 
experiments). The following flowchart in Figure 10 intends to explain the sequence of steps 
performed.
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Figure 10. Flowchart of the experimental process. Source: own authorship (2020).

3 | 	RESULTS AND CONCLUSIONS
Strain measurement, reading, and recording were performed in two systems: with 

wire and wireless. Both were ran to output twenty measurements each (five times each 
of the four standard weight blocks), which resulted in output data expressed in terms of 
mass and strain. These results were also compared to the theoretical values of the involved 
quantities. Figures 11, 12, 13, and 14 show the comparison of the theoretical values of 
masses of the standard weight blocks of 0.050, 0.100, 0.150, and 0.200 kg, respectively, 
with the mean values experimentally obtained by the wire and the wireless methods. In 
addition, the same procedure was adopted for the strain, which values of theoretical strain 
are 72.004 x 10-6, 144.010 x 10-6, 216.010 x 10-6, and 288.020 x 10-6, respectively.
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Figure 11. Statistic means of wire and wireless systems compared to the theoretical mass m = 
0.050 kg. Source: own authorship (2020).

Figure 12. Statistic means of wire and wireless systems compared to the theoretical mass m = 
0.100 kg. Source: own authorship (2020).



 Engenharia mecânica: A influência de máquinas, ferramentas e motores no cotidiano 
do homem 2 Capítulo 22 296

Figure 13. Statistic means of wire and wireless systems compared to the theoretical mass m = 
0.150 kg. Source: own authorship (2020).

FIGURE 14. Statistic means of wire and wireless systems compared to the theoretical mass m 
= 0.200 kg. Source: own authorship (2020).

The results for masses are also presented in Tables 1 and 2 (wire and wireless 
configurations, respectively), and for strains in Tables 3 and 4, respectively, where the 
five measurements (from first to fifth column) were taken for each positioning of standard 
weight block, also showing their corresponding mean values (sixth column) and standard 
deviations (seventh column) of each table.
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1st
meas.(kg)

2nd meas.
(kg)

3rd
meas.(kg)

4th
meas.(kg)

5th
meas.(kg) Mean(kg) St. dev. (kg)

0.0501160 0.0522420 0.0497430 0.0513800 0.0501810 0.0507324 0.0009339
0.0976710 0.1017800 0.0985030 0.1004220 0.0999780 0.0996708 0.0014471
0.1523010 0.1506470 0.1486470 0.1490230 0.1492300 0.1499696 0.0013481
0.2027690 0.1998330 0.1993120 0.1976330 0.1968500 0.1992794 0.0020541

Table 1. Measurements of mass for the wire configuration. Source: own authorship (2020).

1st
meas.(kg)

2nd 
meas.(kg)

3rd
meas.(kg)

4th
meas.(kg)

5th
meas.(kg) Mean(kg) St. dev. (kg)

0.0510885 0.0518006 0.0513296 0.0515196 0.0513718 0.0514220 0.0002346
0.1021774 0.1021438 0.1021509 0.1026839 0.1024565 0.1023225 0.0002149
0.1504047 0.1503360 0.1500972 0.1502067 0.1502593 0.1502608 0.0001059
0.2009010 0.2013217 0.2015586 0.2013080 0.2013080 0.2012794 0.0002119

Table 2. Measurements of mass for the wireless configuration. Source: own authorship (2020).

1st meas. 2nd meas. 3rd meas. 4th meas. 5th meas. Mean St. dev.
0.0000720 0.0000750 0.0000720 0.0000740 0.0000720 0.0000730 0.0000013
0.0001410 0.0001470 0.0001420 0.0001450 0.0001440 0.0001438 0.0000021
0.0002190 0.0002170 0.0002140 0.0002150 0.0002150 0.0002160 0.0000018
0.0002920 0.0002880 0.0002870 0.0002850 0.0002830 0.0002870 0.0000030

Table 3. Measurements of strain for the wire configuration. Source: own authorship (2020)

1st meas. 2nd meas. 3rd meas. 4th meas. 5th meas. Mean St. dev.
0.0000736 0.0000746 0.0000739 0.0000742 0.0000740 0.0000741 0.0000003
0.0001471 0.0001471 0.0001471 0.0001479 0.0001475 0.0001474 0.0000003
0.0002166 0.0002165 0.0002162 0.0002163 0.0002164 0.0002164 0.0000002
0.0002893 0.0002899 0.0002903 0.0002899 0.0002899 0.0002899 0.0000003

Table 4. Measurements of strain for the wireless configuration. Source: own authorship (2020)

By observing Tables 1 and 2, the means of the masses from the wire configuration 
are more accurate, although the wireless system presents results with lesser dispersion 
(standard deviations). In general, this behavior is also reproduced in the analysis of strain 
data presented in Tables 3 and 4. Tables 5 and 6 show the relative errors calculated for wire 
and wireless configurations, respectively, related to the theoretical values. It is important to 
note that the relative errors from the wireless configuration are higher than the error from 
other configuration. Except for the unique characteristics of each experiment, great part of 
this error may be explained by the way of data transmission.
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Therefore, by observing the referred Tables, it can be concluded that for more 
accurate results in terms of mass, and consequently, strain, the system dotted with wire 
should be used. Summarizing, the wire configuration can retrieve a more accurate expected 
value for mass and strain, however providing results with greater dispersion. The wireless 
system, despite its capacity to generate results with lesser dispersion, retrieved expected 
values of mass and strain with less accurate values.

Mean (kg) Standard block mass (kg) Relative error (%)
0.0507324 0.0500000 1.4648000
0.0996708 0.1000000 0.3292000
0.1499696 0.1500000 0.0202667
0.1992794 0.2000000 0.3603000

Table 5. Calculation of the relative error of mass for wire configuration. Source: own authorship 
(2020)

Mean (kg) Standard block mass (kg) Relative error (%)
0.0515649 0.0500000 3.1298222
0.1021093 0.1000000 2.1093414
0.1504617 0.1500000 0.3078138
0.2012638 0.2000000 0.6318852

Table 6. Calculation of the relative error of mass for wireless configuration. Source: own 
authorship (2020)
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