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Abstract

Designing a safe load-carrying component for mechanical structures requires sufficient information related to the dis-
tribution of loads, which is applied to the structure. One of the main design criteria is the level of stress. In some test
cases, measuring the stress directly becomes very difficult due to a complex geometry for instance. In this case, the
measurement of the physical displacement of the structure, which is known as strain (¢) facilitates this procedure. The
accurate strain gauges are mostly sensible and several factors can affect the measurement performance. It is obvious
that the resistance tolerances and strain that induced during the application of the gauge, generate some initial offset
voltage without the presence of forces. In addition, long lead wires can add resistance to the arm of the circuit bridge,
which adds an offset error and desensitizes the output of the bridge. Hence, understanding the effects of significant
parameters for analyzing the data is considered valuable. In this paper, the influence of the temperature, the length of
wires and the set point of forces on the strain measurement are experimentally investigated at three levels. Furthermore,
the design of experiment and related tools such as Taguchi and signal to noise ratio are employed to reduce the errors
and uncertainty through the measurement process. Noise can be related to controllable factors or uncontrollable factors,
which are extraneous factors. Using the Taguchi method assists to provide a better control over the right set of control-
lable factors only, to determine the significant factors with their optimal levels. The results indicate that the temperature
has a maximum contribution to the measurement of the strain with 76.35%, which is followed by the effects of length
of wires and the point of application with 7.66% and 6.77%, respectively.
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1 Introduction

Load cells have long been used to sense and measure
forces and torques. Load cells are used to measure surface
deformation and in a mechanical term, namely in accel-
eration sensors, vibration sensors, acoustic sensors and
especially pressure sensors [1-4].

There is a wide range of common load cell applications
such as automotive, aerospace, medical, manufacturing,
and agriculture [5]. In industrial machinery, rods, beams,
and wheels are needed to be instrumented with a high
precision in order to check the exerted loads. To monitor

the total weight of the tank, load cells, for instance, are
applied to measure the volume or the level of the tank.
It is obvious that the significance of precision of the load
cells due to a variety of applications are highlighted and
this has motivated the authors to perform experimental
tests to examine the effect of crucial parameters on the
accuracy of the load cells.

A load cell acts as a transducer to convert a force into
an electrical signal in two different steps [6]. Initially, the
force being sensed by deforming a strain gauge. Then,
the strain gauge converts the deformation into electri-
cal signals [5]. As shown in Fig. 1, during the tension, the
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Tension: R increases
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Compression: R decreases

Fig. 1 The resistance R of the strain

resistance R of the strain gauge increases, while during
the compression R decreases. Based on the installation
location of the strain gauge the strain gauge could be in
tension or compression [7].

One of the most common strain gauges in force bal-
ance applications is the wire strain gauge sensor. Based
on the physical principle concept of a wire strain gauge,
any changes in electrical resistance is produced when
the strain is applied to the gauge. The electrical resist-
ance of a wire can be written as shown in Eq. (1):

pl
R==, 1
2 (M
where R is the resistance of a wire, / stands for the length
of the gauge grid, A presents the cross-section of the wire
and p is the specific electric resistance. It can be shown
that for an ideal strain gauge, the change of the resistance

is related to the strain (g) as shown in Eq. (2) [8, 9].

7 = Kg, )
where K is the gauge factor.

Although the resistance strain gauges have been used
for more than half a century, more studies are required to
highlight the uncertainties of the strain measuring sys-
tem. Though, resistive strain gauges are the most widely
used tool to measure strain because of their simplicity,
accuracy, and low cost. It is obvious that the experimen-
tal errors cannot be eliminated completely, however, the
solution must be quantified to reduce the errors to an
acceptable value [10]. It is important to note that several
parameters can affect the experimental results through
the measuring process. For instance, the accuracy of the
printed strain gauge is affected by temperature drift due
to the lacking availability of appropriate material [11].
Another parameter affecting the results is how to bal-
ance the strain gauges in different force transducers
such as dynamometers [8, 12].

Through the strain measurement procedure, different
tools and software are employed for the data collection,
such as Data Acquisition system (DAQ) and Lab View
software. It has been shown by Baban et al. [13] that low
accuracy, data lose and delay in presenting data can be
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caused by the wiring length during the experiments as
well as the physical dimension expand [13], however, the
amount of errors has not been studied quantitatively.
Therefore, the influence of length of wires can be con-
sidered and studied as an effective parameter through
the measuring process.

Different types of strain gauges are proposed for differ-
ent applications such as the conventional glued gauges
and printed strain gauges. It is clear that even printed
strain gauges are not temperature compensated and
their accuracy is affected by temperature drift. As long as
the surface temperature of the selected object is uniform,
there are no changes through the resistance of the strain
gauge. However, with any fluctuations of temperature
through different zones of the selected surface, the resist-
ance of the strain gauge varies as a function of tempera-
ture. Hence, it is impossible to have an accurate evaluation
of the results [11]. Also, at different applications such as
milling, the magnitude, and distributions of residual stress
are changed, which results from cutting forces and tem-
perature [14]. Thus, it is obvious that the effects of temper-
ature can be considered as another significant parameter
in strain measurement.

1.1 Taguchi

The Taguchi method was developed by Dr. Genichi Tagu-
chi, who developed a statistical methodology to optimiz-
ing the quality of manufacturing and reducing the costs.
Design of experiments is successfully applied to improve
the performance of the products to specification, by
reducing sensitivity to uncertain or randomly varying fac-
tors. Among a number of designed experiments methods,
Taguchi’s robust strategy is one of the most effective in
practice and have been applied in many studies [13]. The
main focuses in this method are on the product parameter
selection and optimization, to ensure that the key charac-
teristics of the product can be easily set to the target value
and the variance can be minimized. In general, there are
two types of factors affecting the functionality of the prod-
uct, known as, control factors and noise factors. Noise fac-
tors are the deviation of measurable values from their tar-
get values. It was shown that controlling and adjusting the
noise factor is very costly. Thus, the objective of the Tagu-
chi approach is to find the right settings of control factors
to minimize the noise factors [13, 14]. Taguchi analyzed
the variation of experiments using different definitions of
signal-to-noise ratio (S/N). This definition results from the
quadratic loss function. It involves three kinds of quality
characteristic, which are known as the-nominal-the-best,
the-smaller-the-better, and the-larger-the-better [15].
This method utilizes orthogonal arrays (standard tables)
to organize the parameters and their levels affecting the
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process. By using this method, there is no need to test all
possible combinations like the factorial design, which
leads to saving in time and resources [16]. For the most of
the industries, one of the main goals of a manufacturer is
to increase the reliability of the products. While, the reli-
ability of a system can be affected by many parameters,
it is valuable to identify some critical parameters, which
are significantly influence the outcomes. Taguchi’s robust
design experiments facilitate these aims [12, 13].

As mentioned earlier, one of the applications of DOE
and load cell is in the automotive industry for the iden-
tification of the tool’s failure. Taguchi method is a robust
design, which can be successfully applied to increase the
reliability of deformation tools applied in the automo-
tive industry. It has been shown that the optimum level
of individual parameters is 25.52% improvement in reli-
ability and 25.13% reduction in maintenance cost, which
demonstrates the robustness of the Taguchi method [13].

Hanif et al. [12] and Thangarasu et al. [16] showed that
at the different type of machining processes, cutting forces
also play a significant rule. The heat generated through
the machining process affects the cutting force; therefore,
an accurate measurement of cutting force is necessary for
tool material and its geometry. Taguchi method and load
cells are employed to find the optimal level of the selected
parameters, such as the cutting speeds, the depth of cuts,
feed rates, and lubricant. Hence, the Taguchi method can
be also considered and used to determine the optimum
parameters of cutting forces [12, 16].

In tube bending analysis, the application of strain
gauge is very critical due to a number of uncontrollable
parameters, such as bending diameter, wall thickness,
material, and bending radius. By using the trial and error
method, it has been shown that the collected data is unre-
liable. Hence the use of the Taguchi method improves the
reliability of the data collection [15]. The obtained results
show that the strain measurement by using two differ-
ent methods, namely the Taguchi method and Computer
Aided Engineering (CAE) software ABAQUS 6.12, has a
margin error of 6.39%. This highlights the reliability and
robustness of the Taguchi method [15].

Taguchi method can be also employed to find the most
significant parameters and their contribution in the injec-
tion molding to reduce the rate of different internal and
external plastic defects [19, 20]. In the injection molding
technology, short shot, which occurs when the cavity does
not fill completely by molten plastic during the injection
process, is the most common plastic defect. Process and
geometric parameters are selected and the significance
rate of each parameter in both experiments and simu-
lation result are very close together, which signifies the
robustness of the proposed method in the injection mold-
ing industry, namely. Melt temperature with a contribution

of 74.25% and 75.04%, filling time with a contribution of
22% and 20.19% followed by gate type with a contribu-
tion of 3.69% and 3.93% for simulation and experimental
results of Taguchi, respectively. Hence, it is seen that the
Taguchi method can be used as a reliable tool to reduce
the noise and increase the quality in injection molding [17,
18].

In different machining processes such as turning, mill-
ing, or drilling, a number of parameters will identify the
final surface quality of the part. These parameters are a
cooling condition, cutting speed, feed rate, and depth. To
find which parameters are significant and which one not,
statistical tools are applied such as Taguchi and ANOVA.
Furthermore, the mathematical model is developed via
response surface methodology (RSM). Hence, the result
shows that the feed rate on the surface roughness is the
most significant parameter followed by a cooling condi-
tion [22].

In different industries, to reduce the cutting fluids on
health and environment, Minimum Quality Lubrication
(MQL) is an effective tool. Different experiments have been
implemented via the Taguchi method to find the signifi-
cant parameters and hence to improve the performance
indicator. Finally, the performance improvement is 39%
which shows the effectiveness of Taguchi for quality pur-
poses [23].

To find the optimum level of operating parameters for
having the best engine performance, Taguchi method and
ANOVA have been applied. The result shows the reduction
of test number with a 95% confidence interval and also the
engine performance is improved compared to those of the
baseline engine [24].

In injection moulding technology, because of the fact
that there are a number of parameters affecting the injec-
tion process, the combination of Fuzzy theory with Tagu-
chi method, are able to do the optimization process for
multi-objective problems [25].

To the best of the author’s knowledge, there is a lack of
investigations to study the effects of critical parameters
on strain measurement such as temperature, wire length
and point of application loads. In addition, not so much
investigations have been performed on applying design of
experiment for strain measurement for different applica-
tions. Strain measurement devices might measure inaccu-
rate output signals due to the effects of the above param-
eters affecting the measuring process. The novelty of this
paper is to perform a wide range of experiments on load
cells employing Taguchi methods and study the effects of
the above three parameters and their optimum levels and
finally, evaluate the percentage of contribution of each
one. Taguchi method and programming tools facilities
to find the optimum configuration of levels and find the
most significant parameters, which increase the accuracy
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in the strain measurement procedure. The percentage of
contribution for each selected parameter in strain gauge
measurements is determined using analysis of variance
(ANOVA).

2 Process of experimental design

A series of experimental tests were examined in the labo-
ratory of AUM University to investigate the errors of differ-
ent test cases’ conditions. The details of the experimental
setup are explained in the next section.

2.1 Selection of the parameters

The main goal of the paper is to optimize the process of
load cell measurements by employing the best combina-
tion of parameters and levels. In this paper, the influence of
three parameters namely, the temperature (P,), the length
of wires (P,), and the point of application (P;) are investi-
gated as shown in Table 1. To achieve the best configura-
tion for the measurement, the Taguchi orthogonal array
method is used to optimize the measuring process. Each
parameter is defined at three different levels. These levels
were chosen to cover a wide range of real applications.
Level 1, 2 and 3 indicate the minimum (23 °C), average
(37 °C) and high setup temperature (50 °C), respectively.
At each level, three length of wires were also employed
for each test case.

2.2 Selection of the parameter levels
and orthogonal array of Taguchi

According to the number of selected parameters and their
levels, the L9 orthogonal array of Taguchi was selected,
which is shown in Table 2.

2.3 S/Nratio approach

The S/N ratio applies the average values to convert the
experimental results into the value, which is feasible for
the evaluation characteristic of an optimum parameter
analysis [18]. Since the objective of this study is to keep
the measured value as close as possible to the target value

Table 1 Three levels of the temperature (P,), the length of wires
(P,), and the point of applications (P;)

P, (°Q) P, (cm) P5 (cm)
Level 1 23 5
Level 2 37 10 2
Level 3 50 15 3
SN Applied Sciences
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Table 2 L9 orthogonal array of

Taguchi Test case P, P, Py
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

via optimum parameters, the nominal the best quality char-
acteristic has been selected for the calculation of S/N ratio,
which is defined in Eq. (3).

_ y
S/N = 20Log 3 ) (3)
where ¥ is the response power (based on the number of

experiments) and s is the noise power. The calculation for
y and s are shown in Egs. (4) and (5), respectively [26].

> i @
i=1

y=

S|=

$? =

Y (vi-7), (5)
i=1
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3 Experimental set up and strain
measurement

3.1 Load cell and Arduino board

Crow-tail series sensor employs the HX711 amplifier, which
has a 24-bit analog-to-digital converter and was designed
and used for both weighing scales and industrial control
applications as shown in Fig. 2.

A C++ code for strain measurement was prepared and
data collection was conducted using the Arduino board.
Arduino has the ability to read different inputs and based
on the written program, the output was collected through
the data collection step. The connection scheme is shown
in Fig. 3.

The selected parameters comprising the temperature,
the length of the wire, and the point of applications. A
blow dryer was used to increase the temperature. The tem-
perature level was measured using a digital thermometer.
The length of wire was changed by connecting it to extra
wires with consistent length. The point of exerted force
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Fig.2 a Crow-tail series sensor

including aluminum bar with (a)
the attached load cell, b crow-
tail series sensor with HX711
amplifier

Fig.3 Connection scheme
for strain gauges, convertor,
Arduino board, and computer

is another parameter, which was examined and applied
in the experiments. Considering different experiments of
the L9 orthogonal array, the mass value was determined
and based on the area of the aluminum bar with attached
strain and the module of elasticity, the strain value was
evaluated. Finally, in order to determine the significant and
insignificant effects and also the percentage of contribu-
tion of each parameter, S/N ratio and analysis of variance
were applied.
The stress was calculated using Eq. (6):

F_mg
A A’

= (6)
where F(N) is the applied force, A(m?) is the area of the bar
under the applied force, and m (kg) is mass. Equation (7)
was used to determine the strain value as follow:

(2

S = El (7)

where s is the strain value (unitless), ¢ is the stress value
(N/m?) and finally, £ (N/m?) is the module of elasticity for
the aluminum bar. There are three points of the application
as shown in Fig. 4.

A photograph of the corresponding equipment is
shown in Fig. 5, and the details are described in Table 3.

(b)

Fig. 4 Strain gauge sensor and the point of application

3.2 Orthogonal array of Taguchi

Based on Tables 1 and 2, the selected orthogonal array for
doing the experiments is shown in Table 4.

3.3 S/Nratio measurements

The evaluated results of measurement, comprising the
stresses and strains are shown in Table 5 for all test cases.
To have an accurate result, the strain measurement has
been performed for 3 times of mass measurement as
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Fig.5 Corresponding equipment

Table 3 Descriptions of the experimental parts associated with
Fig.5

Part number Description

Arduino
Load cell
Intermediate software

AW N =

Convertor

Table 4 L9 orthogonal array of Taguchi for data collection

Test cases P,:temperature P,:length of wire P;: point of
Q) (cm) application

1 23 5 1

2 23 10 2

3 23 15 3

4 37 5 2

5 37 10 3

6 37 15 1

7 50 5 3

8 50 10 1

9 50 15 2

shown in Table 5. The next step is to determine the S/N
ratio based on Eq. (4). The response power y and the
noise power s need to be calculated using Egs. (5) and (6),
respectively. The results are shown in Table 5.

The values of the applied mass were obtained by
Arduino using the HX711 code. The results are shown in
Table 5. Each experiment was performed three times to
obtain an accurate result (the maximum error is related to
test case 9 with 5%). The values of the masses were evalu-
ated based on the elastic modulus of aluminum [69 x 10°
(MPa)l.
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Employing Table 6, the average S/N ratio of response
can be calculated to determine the optimal levels of three
selected parameters. The results are shown in Table 7. It is
observed in Table 7 that the larger value of |AT| demonstrates
the significance of the parameter. The result is a combination
of P, (level 1), P, (level 3), and P; (level 3) as the best set of
parameters, which increase the accuracy in strain measure-
ment. The design of experiment method (DOE) allows us to
determine the best configuration. The greatest difference in
Table 7, represents the parameter that has the greater con-
tribution. Based on the data from Table 7, the S/N response
diagram can be constructed as shown in Figs. 6, 7 and 8.

From the S/N response diagram it is seen that the best
setup combination parameter can be determined by choos-
ing the level of the highest value of each factor. Hence, the
results are P, (level 1), P, (level 3) and P; (level 3). The best
setup is conducted based on the selected level for each
parameters using the Taguchi method.

The data in Table 7 was determined using Analysis of
Variance. The relative percentage of contribution of each
parameter was calculated by comparing their relative vari-
ance. ANOVA computes the quantities such as degrees of
freedom, the sums of squares, variance, F-ratio, the pure sum
of square and the percentage of contribution [21].

The calculation of Sum of Square can be written as fol-
lows [26]:

(Ave, + Ave, + Ave; + )2
N '

SS = (Ave? + Aves + Avel + ) —

ks k ks

1 1

Ave. )? Ave,)? Ave,)?
St:((Z ve,) +(Z ve,) +(2 ves) +>
, 1 (9
(Ave, + Ave, + Ave; + --)
N I’
For the degree of freedom, Egs. (10) and (11) were used:

Fp, = ke, =1, (10)

For=N-1, (11)

where N is the total number of result for factor P, and kp,
stands for the number of level for factor P,. to determine
the error for the degree of freedom, Eq. (12) is applied as
follow [26]:

fo="f — fP1 - fP2 - fP3' (12)
In addition, to evaluate the variance, Egs. (13) and (14) can
be used as follow [26]:

Vo = —,
P, Fp.
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Table 5 Strain measurement of the test cases based on the L9 orthogonal array, using three types of masses

Test case m4(9) m,(9) m; (9) Stress 1 (Pa) Stress 2 (Pa) Stress 3 (Pa) Strain 1 Strain 2 Strain 3

1 395 39.6 395 40.40 40.62 40.40 5.84E-08 5.86E-08 5.84E-08
2 38.9 38.8 38.8 39.09 39.87 39.87 5.76E-08 5.74E-08 5.74E-08
3 38.9 38.9 38.9 39.09 39.09 39.09 5.76E-08 5.76E-08 5.76E-08
4 40.9 40.6 41 41.46 41.81 41.68 6.05E-08 6.01E-08 6.07E-08
5 42.2 42 41.6 43.31 42.87 42.75 6.24E-08 6.22E-08 6.16E-08
6 42 41.7 415 42.80 42.22 42.78 6.22E-08 6.17E-08 6.14E-08
7 38 383 383 38.10 39.785 39.78 5.62E-08 5.67E-08 5.67E-08
8 40 40 40.1 40.50 40.50 40.71 5.92E-08 5.92E-08 5.93E-08
9 395 388 41.7 40.40 39.87 42.21 5.84E-08 5.74E-08 6.17E-08

Table 6 S/N ratio for all test Test case Ave Ave? S2 S S/N ratio
cases
1 5.8548E-08 3.42787E-15 1.4622E-20 1.20921E-10 53.70
2 5.75113E-08 3.30755E-15 1.4622E-20 1.20921E-10 53.54
3 5.76101E-08 3.31892E-15 1.31372E-46 1.14618E-23 314.02
4 6.04733E-08 3.65702E-15 1.90086E—19 4.35988E-10 42.84
5 6.21024E-08 3.8567E-15 4,.09415E-19 6.39856E—10 39.74
6 6.18062E-08 3.82E-15 2.77818E-19 5.27084E-10 41.38
7 5.65734E-08 3.20055E-15 1.31598E-19 3.62764E-10 43.85
8 5.92885E-08 3.51513E-15 1.4622E-20 1.20921E-10 53.80
9 5.92391E-08 3.50927E-15 1.00453E-17 3.16943E-09 2543
Table 7 The response table of S/N ratio 140
P, P, P, 120
100
Level 1 140.42 48.77 49.63
Level 2 41.32 49.03 40.60 80
Level 3 41.03 126.94 132.54 60
Difference |AT| 99.38 78.16 91.93 40
20
0
160 Level 1 Level 2 level 3
140
120 Fig.7 S/Nresponse for length of wire
100
80
60
40 140
20 120
0 100
Level 1 Level 2 level 3 80
60
Fig.6 S/N response for temperature 40
20
0

Level 1 Level 2 level 3

Fig.8 S/Nresponse of point of application
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Table 8 Analysis of variance (ANOVA)

Source F S \Y P %
P, (temperature) 2 2.25487E-17 1.12744E-17 76.35
P, (length of wire) 2 2.26316E-18 1.13158E-18 7.66
P, (point of application) 2 1.99996E-18 9.99981E-19 6.77
Error 2 2.72456E-18 1.36228E-18 9.22
Total 8 295364E-17 1.47682E-17 100
S
v, ==, 14
e Fe ( )

where F is the degree of freedom and S is the sum of
square.

For the percentage of contribution, Eq. (15) can be
written as follow [26];
SP‘I

PP:

=5 (15)

where s; is the total sum of square.

From Table 8, the last column shows the percent of
contribution of each parameter. The results indicate that
the temperature contributes to the strain measurement
with 76.35%, the length of wire contributes with 7.66%
and the point of application contributes with 6.77%. As
aresult, the temperature has the maximum contribution
and significantly affects the load cell as compared with
the length of wires and point of application.

4 Conclusion

The effects of the temperature, the length of the wire
and the point of applications on the load cell measure-
ment have been investigated in this paper. Design of
experiment (DOE) and related tools, namely Taguchi
and Signal to Noise ratio (S/N) were applied to reduce
the noise from the controlled parameters throughout
the strain measurement. From the selected parameters,
the optimal levels of selected parameters were identified
including their percentage of contribution to improve
the quality of the measurement process. The result
indicates that all selected parameters are significant,
however, the temperature effects have the maximum
contribution to the measurement of the strain with the
contribution of 76.35%, which is followed by the effects
of length of wires and the point of application with the
contribution of 7.66% and 6.77%, respectively.
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