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Abstract: This article aims to provide an interactive in-house tool to quickly asses the stress in the 

critical points of the aeronautical structures. The software compares the results between the stress 

values obtained from the experimental tests using the resistive electrical tensometry technique (RET) 

and the stress values calculated with FEM software. RET refers to the stress and strains measured by 

strain gauges applied to the critical points of the structures. The finite element analysis was carried-

out with MSC. PATRAN/ NASTRAN using shell and solid elements in order to identify the critical 

points based on the stress and strain results. The validation of the results obtained by the finite 

element modelling has been made experimentally using the resistive electrical tensometry method. The 

results from these two methods have been compared with the in-house software developed in Visual 

Basic with Excel interface. The program evaluates the relative error between the experimental and 

calculated data at critical points. 

Key Works: finite element method, resistive electrical tensometry method, strain gauge, critical points 

of structures, Visual Basic, in-house software, comparative analysis, RET 

1. INTRODUCTION 

The finite element method is one of the efficient and well-known numerical methods for 

various engineering problems. Over the past 30 years it has been used to solve many types of 

problems. Finite element results are validated with either analytical solution or experimental 

studies. FEM method is satisfactory when the component loads are known both qualitatively 

and quantitatively. 

Problems arise particularly where the loads are unknown or where they can only be 

roughly approximated. Formerly the risk of overloading was countered by using safety 

margins, i.e. through over dimensioning. However, modern design strategies demand savings 

in material, partly for reasons of cost and partly to save weight; this is clearly illustrated in 

aeronautics. In order to satisfy the safety requirements and to provide an adequate 
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component service life, the material stresses must be known. Therefore, measurements under 

operational conditions are necessary. An important branch of experimental stress analysis is 

based on the principle of strain measurement. This paper presents a comparative analysis 

between experimental and computed data via an in-house software system, which allows to 

display both values of experimental and calculated stress and standard deviation in the 

critical points. The next chapters present the theoretical notions of resistive electrical 

tensometry that set the background and the methodology of the comparative analysis 

program. 

2. ELECTRICAL TENSOMETRY AND ITS APPLICATIONS 

The resistive electrical tensometry is a method for measuring the deformations by using 

transducers. These transducers turn the variation of a mechanical quantity into variations of 

an electric quantity. The resistive transducer used in electrical tensometry is a resistor built-

up of one or more metallic conductors connected in series, with a small diameter (0.015 ÷
0.02 𝑚𝑚) and an electrical resistance of𝑅 = 50 ÷ 1000 Ω. 

To avoid the difficulties caused by the direct mounting of the resistive sensor on the test 

specimen, the electrical conductors are placed as a grid embedded in a special paper casing 

or a phenolic envelope. Due to its shape and small size, the resistive transducer is also called 

strain gauge – see Fig. 1, 0. 

 

Fig. 1 Resistive transducer – component parts 0 

The strain gauge is glued to the test specimen under a specific load condition in order to 

follow its deformations, which suffers a variation of its electrical resistance caused by a 

deformation. The phenomenon of electrical resistance variation of a conductor by means of 

mechanical deformation is called “tenso-effect” and it is the basis of the resistive electrical 

tensometry (RET). The electrical resistance 𝑅 of a wire with constant cross section is defined 

by the relation: 

𝑅 = 𝜌 ∙
𝑙

𝑆
 (1) 

where 𝜌 is the resistivity of the wire material [Ωm], 𝑙 is the wire length [𝑚] and 𝑆 is the wire 

cross section [𝑚2]. 

Using logarithms and by deriving equation (1) it results the following relation: 

𝑑𝑅

𝑅
=

𝑑𝜌

𝜌
+

𝑑𝑙

𝑙
−

𝑑𝑆

𝑆
 (2) 
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which for finite variations of the quantities becomes: 

𝛥𝑅

𝑅
=

Δ𝜌

𝜌
+

Δ𝑙

𝑙
−

Δ𝑆

𝑆
 (3) 

where 
Δ𝑙

𝑙
= ε, 

Δ𝑆

𝑆
= −2𝜈𝜀 and 𝜈 is the Poisson ratio. 

The Bridgman’s law is applied in order to evaluate the term 
Δ𝜌

𝜌
: 

Δ𝜌

𝜌
= 𝑐 ∙

Δ𝑉

𝑉
 (4) 

where 𝑐  is a constant of the material – Bridgman’s constant whose value is determined 

experimentally by testing the wires traction, and 𝑉 = 𝑙 ∙ 𝑆 is the wire volume. 

Δ𝑉

𝑉
=

𝑉𝑓𝑖𝑛𝑎𝑙 − 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙
=

𝑑𝑥(1 + 𝜀𝑥)𝑑𝑦(1 + 𝜀𝑦)𝑑𝑧(1 + 𝜀𝑧) − 𝑑𝑥𝑑𝑦𝑑𝑥

𝑑𝑥𝑑𝑦𝑑𝑧
= 

= (1 + 𝜀𝑥)(1 + 𝜀𝑦)(1 + 𝜀𝑧) − 1 ≅ 𝜀𝑥 + 𝜀𝑦 + 𝜀𝑧 = (1 − 2𝜈)
Δ𝑙

𝑙
 

(5) 

Neglecting the terms of 2
nd

 and 3
rd

 order of equation (5) and considering 𝜀𝑥 = 𝜀 , 

𝜀𝑦 = −𝜈 ∙ 𝜀, 𝜀𝑧 = −𝜈 ∙ 𝜀, it results: 

Δ𝜌

𝜌
= 𝑐(1 − 2𝜈)

Δ𝑙

𝑙
 (6) 

Equation (6) is an approximation because the term ρ is dependent not only on the 

volume of material, but also on the material crystal orientation. In fact, the value of 𝑐 differs 

with the crystallization direction. An engineering hypothesis is based on the Ohm’s law 

applied on a cubic crystal under specific loading condition with small deformations: 

𝐸𝑖 = 𝜌𝑖𝑗 ∙ 𝐽𝑗 ∙ (𝛿𝑖𝑗 + πijkl ∙ 𝑇𝑘𝑙) (7) 

where 𝐸𝑖 is the electric field, 𝐽𝑖 is the electrical density, 𝜌𝑖𝑗 is the electrical resistivity, 𝛿𝑖𝑗 is 

the Kronecker’s symbol, 𝜋𝑖𝑗𝑘𝑙  is a 4
th
 order tensor – tensor of the piezo resistivity 

coefficients and 𝑇𝑘𝑙 is the stress tensor.  

The variation of the resistivity on the 𝑗 direction is: 

(
Δ𝜌

𝜌
)

𝑗

= ∑ 𝜋𝑗𝑘 ∙ 𝑇𝑘

𝑘

 (8) 

In the case of a wire under a uniaxial loading condition the following relation is 

obtained: 

Δρ

𝜌
= 𝜋 ∙ 𝑇 = 𝜋 ∙ 𝜎 = 𝜋 ∙ 𝐸 ∙

∆𝑙

𝑙
 (9) 

where 𝜋 is the piezoresistivity coefficient and 𝐸 is the elasticity modulus. 

From the previous relations it results: 𝑐 ∙ (1 − 2𝜈) = 𝜋 ∙ 𝐸. Finally, the relation can be 

written as follows: 

Δ𝑅

𝑅
= (1 + 2𝜈 + 𝜋𝐸) ∙

Δ𝑙

𝑙
= 𝑘 ∙ 𝜀 (10) 

where 𝑘 is the tensosensibility coefficient of the wire, also called the transducer’s constant 

and 𝜀 is the strain of the test specimen on which the strain gauge is applied. 
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 This is the first law of the resistive electrical transducer’s operation, describing the 

dependency between a mechanical variation of the strain and a variation of the electrical 

resistance Δ𝑅. The coefficient 𝑘 mostly depends on the material. For example, if the strain 

gauge material is defined by 𝜈 = 0.3 and 𝜋 ∙ 𝐸 = 0.4, it results 𝑐 = 1 and 𝑘 = 2. The value 

of 𝑘 = 2 is also obtained by experimental determinations. 

 The usual values of the tensosensibility coefficient  for gauges are around 𝑘 = 2 and the 

usual values for electrical transducer are 𝑅 = 120 Ω, 240 Ω, 360 Ω, 500 Ω, 5000 Ω. 

 To achieve an accurate measurement in electrical tensometry the transducers are 

assembled using a bridge mounting. So, if using a resistive transducer with 𝑅 = 120 Ω and 

𝑘 = 2 in order to measure a strain of 𝜀 = 10−6 ÷ 10−3 the measuring circuit should sense 

the resistance variation: 

Δ𝑅 = 𝑘 ∙ 𝑅 ∙ 𝜀 = 2 ∙ 120 ∙ (10−6 … 10−3) = 0.00024 … 0.24 Ω (11) 

 In practice, it is difficult to achieve measurements with such precision, which implies 

the use of an assembly in bridge. The bridge becomes the principal component of any 

apparatus for tensoelectrical measurements. 

 The easiest mounting type in bridge is the Wheatstone bridge. In the classical mounting 

this type of bridge is powered with a DC power source, where the internal resistance is very 

high 𝑟𝑖 ≈ ∞ or with a DC power source, where the internal resistance is very small𝑟𝑖 ≈ 0. 

 The following picture represents a classical mounting of the Wheatstone bridge, where 

the power voltage 𝑈𝑖 flows through one diagonal of the bridge and the measured voltage 𝑈𝑒 

flows through the other diagonal of the bridge, 0. 

 

Fig. 2 Wheatstone bridge 

 Applying the Kirchhoff theorems, the following relations can be written: 

𝑈𝑖 = 𝑖1 ∙ (𝑅1 + 𝑅2) = 𝑖2 ∙ (𝑅3 + 𝑅4) (12) 

𝑈𝑒 = 𝑖1 ∙ 𝑅1 − 𝑖2 ∙ 𝑅4 = 𝑖1 ∙ 𝑅2 − 𝑖2 ∙ 𝑅3 (13) 

From equation (12) it results the terms 𝑖1 =
𝑈𝑖

𝑅1+𝑅2
 and 𝑖2 =

𝑈𝑖

𝑅3+𝑅4
, which can be 

replaced in equation (13): 

𝑈𝑒

𝑈𝑖
=

𝑅1

𝑅1 + 𝑅2
−

𝑅4

𝑅3 + 𝑅4
 (14) 

From relation (14) three particular cases can be discussed: 

- Case 1, where 
𝑈𝑒

𝑈𝑖
= 0 , the Wheatstone bridge is in equilibrium and it results 

𝑅1 ∙ 𝑅3 = 𝑅2 ∙ 𝑅4. This is the second law of operation of the resistive transducer and 

some important observations can be drawn from it: the variations of the resistances 

on the same arm or opposite arms are added algebraically while the variations on the 

adjacent arms are subtracted algebraically. 
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- Case 2, where 𝑅1 = 𝑅0 + Δ𝑅 and 𝑅2 = 𝑅3 = 𝑅4 = 𝑅0, the gauge is active (quarter 

of bridge); it results: 

𝑈𝑒

𝑈𝑖
=

𝑅𝑜 + Δ𝑅

2 ∙ 𝑅0 + Δ𝑅
−

1

2
=

Δ𝑅

2(2𝑅0 + Δ𝑅0)
≈

1

4
∙

Δ𝑅

𝑅0
= 𝑘𝑚 ∙ 𝜀𝑚 =

1

4
∙ 𝑘𝑎𝑝𝜀𝑟𝑒𝑎𝑑 (15) 

where 𝑘𝑚  is the strain gauge constant, 𝑘𝑎𝑝  is the apparatus constant, 𝜀𝑚  is the strain 

measured by the gauge and 𝜀𝑟𝑒𝑎𝑑 is the strain indicated by the apparatus. 

From the relation above one can write 𝜀𝑚 =
𝑘𝑎𝑝

𝑘𝑚
∙ 𝜀𝑟𝑒𝑎𝑑. From this relation, it results that 

the apparatus has as output 𝜀𝑟𝑒𝑎𝑑. The interest for the strength analysis is 𝜀𝑚. If  𝑘𝑎𝑝 differs 

from  𝑘𝑚, then a correction must be applied for the value of 𝜀𝑟𝑒𝑎𝑑 which is proportional to 

the ratio 
𝑘𝑎𝑝

𝑘𝑚
. It should be underlined that modern appliances have the capability to adjust 𝑘𝑎𝑝 

as a function of 𝑘𝑚. 

In this case, the correction is no longer applicable and 𝜀𝑚 = 𝜀𝑟𝑒𝑎𝑑 . 

- Case 3, where 𝑅1 = 𝑅0 + Δ𝑅1, 𝑅2 + Δ𝑅2, 𝑅3 = 𝑅0 + Δ𝑅3, 𝑅4 = 𝑅0 + Δ𝑅4, all the 

transducers are active; it results: 

𝑈𝑒

𝑈𝑖
=

𝑅0 + Δ𝑅1

2𝑅0 + Δ𝑅1 + Δ𝑅2
−

𝑅0 + Δ𝑅4

2𝑅0 + Δ𝑅3 + Δ𝑅4
 (16) 

Bringing to the same denominator, we get: 

𝑈𝑒

𝑈𝑖
=

𝑅0(Δ𝑅1 − Δ𝑅2 + Δ𝑅3 − Δ𝑅4) + Δ𝑅1Δ𝑅3 − Δ𝑅2Δ𝑅4

(2𝑅0 + Δ𝑅1 + Δ𝑅2)(2𝑅0 + Δ𝑅3 + Δ𝑅4)
 (17) 

Neglecting the higher order small infinites, it results: 

𝑈3

𝑈1
≈

1

4
(

Δ𝑅1

𝑅0
−

Δ𝑅2

𝑅0
+

Δ𝑅3

𝑅0
−

Δ𝑅4

𝑅0
) =

1

4
(𝑘1𝜀1 − 𝑘2𝜀2 + 𝑘3𝜀3 − 𝑘4𝜀4) =

1

4
𝑘𝑎𝑝𝜀𝑟𝑒𝑎𝑑 (18) 

With 𝑘1 = 𝑘2 = 𝑘3 = 𝑘4 = 𝑘𝑚, it results: 

𝑈𝑒

𝑈𝑖
=

1

4
𝑘𝑚(𝜀1 − 𝜀2 + 𝜀3 − 𝜀4) =

1

4
𝑘𝑎𝑝𝜀𝑟𝑒𝑎𝑑 (19) 

From equation (19) it results that 𝜀𝑚 = 𝜀1 − 𝜀2 + 𝜀3 − 𝜀4 , so the measured value is 

equal to the algebraic sum of the strains from every transducer, with the mention that the 

effects on the opposite arm are added and the effects on the adjacent arms are subtracted. 

In practice, there are two types of strain gauges: simple strain gauge and rosette strain 

gauge. 

Simple strain gauge: is used in the case of simple loadings: tension – compression, 

bending, torsion and/ or when the principal directions of loading are known.  

a) Tension – compression  

 

Fig. 3 Bar loaded in tension with the force N 
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 If the strain gauge is mounted on the direction 1 and 2, then the value 𝜀𝑚 has to be equal 

to the calculated value 𝜀𝑐𝑎𝑙𝑐 , according to: 

𝜀1,𝑐𝑎𝑙𝑐 =
Δ𝑙

𝑙0
=

𝑁

𝐸 ∙ 𝐴
, 𝜀2,𝑐𝑎𝑙𝑐 =

Δ𝐷

𝐷
= −𝜈𝜀1,𝑐𝑎𝑙𝑐 (20) 

b) Simple bending: 

 

Fig. 4 Bar loaded in bending with the force P 

𝜀1,𝑐𝑎𝑙𝑐 =
6 ∙ 𝑃 ∙ 𝑥

𝐸 ∙  𝑏 ∙ ℎ2
, 𝜀2,𝑐𝑎𝑙𝑐 = −𝜈 ∙ 𝜀1,𝑐𝑎𝑙𝑐   (21) 

c) Simple bending with two strain gauges mounted up – down on a rectangular bar: 

 

Fig. 5 Bar loaded in bending with two active strain gauges 

 In this type of mounting (Fig. 5), called semi-bridge, the two strain gauges are mounted 

on the adjacent arms and their effects will be subtracted algebraically. The bar will be 

tensioned on the surface where the strain gauge 1 is mounted and will be compressed where 

the strain gauge 2 is mounted. 

This leads to 𝜀𝑚 = 𝜀1 − (−𝜀2) = 2 ∙ 𝜀 = 𝜀𝑟𝑒𝑎𝑑, resulting 𝜀𝑚 =
1

2
𝜀𝑟𝑒𝑎𝑑, which has to be 

equal to 𝜀1,𝑐𝑎𝑙𝑐 from the previous example. From this example, it should be remarked that the 

reading accuracy has twice increased.  

d) Torsion with the moment 𝑀𝑡: 

 

Fig. 6 Bar loaded in torsion with four active strain gauges 

 In the mounting presented in Fig. 6 four active strain gauges were used, forming a 

complete bridge. The bar of ring cross section, with the exterior diameter 𝐷 and interior 

diameter 𝑑 is loaded in torsion with a given moment 𝑀𝑡. 
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From the theory of elasticity, it is known that tensile stress, respectively compressive 

stress, equal to the torsion stress 𝜏 = ±𝜎 occur at 45° degrees from the principal direction. 

𝜏 =
𝑀𝑡

𝑊𝑝
= 𝐺 ∙ 𝛾 = 𝐺 ∙ 2 ∙ 𝜀45, 𝜀45 =

𝑀𝑡

2 ∙ 𝐺 ∙ 𝑊𝑝
=

𝑀𝑡

2 ∙ 𝐺 ∙
𝜋(𝐷4 − 𝑑4)

16𝐷

=
8 ∙ 𝑀𝑡 ∙ 𝐷

𝜋 ∙ 𝐺 ∙ (𝐷4𝑑4)
 

(22) 

where 𝜀45 =
𝛾

2
, 𝐺 =

𝐸

2(1+𝜈)
, 𝑊𝑝 =

𝜋(𝐷4−𝑑4)

16𝐷
. 

 Therefore, the measured strain is equal to 𝜀𝑚 =
1

4
∙ 𝜀𝑟𝑒𝑎𝑑  and should have the same 

calculated value of 𝜀45, 0. 

 Rosette strain gauge: is used in the case of combined loadings or when the principal 

directions of loading are unknown. The most common form is presented in the figure below: 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7  Rosette strain gauge 0 

 From the rosette strain gauge presented in the figure below the strains are obtained for 

the three directions 𝜀0, 𝜀45 and 𝜀90. 

These strains are in the plane of the solid’s face, where the strain gauge is glued. With 

their help, the principal strains, 𝜀1  and 𝜀2 , the principal stresses 𝜎1  and 𝜎2  ( 𝜎3  is 

perpendicular to the plane formed by the two principal directions and is equal to zero) and 

the angle 𝜙1  between the principal direction 𝜀1  and the transducer’s direction 𝜀0  can be 

calculated, 0. 

𝜀1,2 =
𝜀0 + 𝜀90

2
±

√2

2
√(𝜀0 − 𝜀45)2 + (𝜀45 − 𝜀90)2  (23) 

𝜎1,2 =
𝐸

2
[
𝜀0 + 𝜀90

1 − 𝜈
±

1

1 + 𝜈
√(𝜀0 − 𝜀90)2 + (2𝜀45 − 𝜀0 − 𝜀90)2] (24) 

𝑡𝑔2𝜙1 =
2𝜀45 − (𝜀0 + 𝜀90)

𝜀0 − 𝜀90
 (25) 

 In order to compare the principal stresses 𝜎1and 𝜎2 obtained from the test records 𝜀0, 𝜀45 

and 𝜀90 and the data calculated using the finite element method (FEM), two aspects need to 

be clarified: 

- If the structure has been modelled with shell elements (2D elements), then from 

FEM analysis two values of the principal stresses 𝜎1,𝐹𝐸𝑀 > 𝜎2,𝐹𝐸𝑀 are obtained, in 

the element plane at z1 and z2; depending on the face on which the rosette strain 
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gauge was mounted, the third component which is perpendicular to the plane of the 

two components is equal to zero, except for the case when a local load, for example 

a type of pressure, acts on the element; 

- If the structure has been modelled with volume elements (3D elements), then from 

the FEM analysis three values of the principal stresses  𝜎1,𝐹𝐸𝑀 > 𝜎2,𝐹𝐸𝑀 > 𝜎3,𝐹𝐸𝑀 

are obtained. It should be made clear that principal stresses have random directions 

and the two first principal stresses are no longer on the solid’s face. If a fine mesh is 

used for the FEM model, then 𝜎3,𝐹𝐸𝑀 ≈ 0 and the two principal stresses 𝜎1,𝐹𝐸𝑀 >
𝜎2,𝐹𝐸𝑀 can be compared to the stresses 𝜎1,2, obtained from the test records 𝜀0, 𝜀45 

and 𝜀90 within the error margin of up to 15%,0. 

3. GENERAL DESCRIPTION OF THE PROGRAM 

The steps for static testing are: 

- the structure is loaded up to a factor of 60% of LL and is unloaded using the same 

loading curve, which is called settlement. The purpose of this step is to check the 

correct operation of all strain gauges, whether they indicate zero strain. In case of a 

failed strain gauge, it is replaced and the process is repeated; 

- the structure is loaded up to limit load (LL), at a load factor of 𝑗 = 1 , and is 

unloaded using the same loading curve, at which the structure must not have any 

permanent deformation. This applies to flight cases taken from the flight envelope; 

- the structure is loaded up to ultimate load (UL), at a load factor of 𝑗 = 1.5, where 

permanent deformation may be allowed as long as there is no structural failure. This 

applies to cases of emergency landing conditions. 

 The general rule is that these test values are considered real values that are to be 

compared to the those calculated by structural analysis. If there are relative errors of more 

than 15%, the computing technique is changed: either a finer mesh size is chosen or, in case 

of hand-calculation, the computing procedure is revised or changed.  

 This program manages the comparative analysis between the stress values obtained 

experimentally and the stress values calculated by the engineering department using FEM 

software. 

Also, the relative error between such values is computed by this software. The necessary 

input files for the comparative analysis are the following: the file containing the stress values 

obtained experimentally and the file with the stress values calculated with FEM software. 

The first file has the following format: 

The first line contains these data, as follows: ‘No. Gauge’, which represents the name of 

the strain gauge, ‘E’ Young’s modulus, ‘nu’ Poisson’s ratio. 

On the same line, and separated by a comma, there are the load factor values for which 

the respective laboratory tests were carried out. These values must be written in ascending 

order. 

For each strain gauge the next lines contain, in the following order and separated by a 

comma: the name of the strain gauge, Young’s modulus in [MPa], Poisson’s ratio and the 

strain values in [µm/m] recorded by the strain gauge for the corresponding load factor from 

the first line. In order to identify the type of strain gauge, the user has to add to its name the 

letter ‘G’, in case of a simple strain gauge, and, the letter ‘A’ for the 0 degrees component, 

‘B’ for the 45 degrees and ‘C’ for 90 degrees, in case of a rosette gauge. In that last case, all 

three lines of data must be on top of each other, in the following order: ‘A’,’B’,’C’. 
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Fig. 8 Testing Values file 

In the example above (Fig. 8), there are two simple strain gauges on the first two lines: 

49301G and 49302G, and two rosette gauges on the next six lines: 49365A, 49365B, 49365C 

and 49317A, 49317B, 49317C. 

The second type of file, the one containing the stress values calculated using FEM 

software, has the following format: 

 

Fig. 9 Computed Values file 

The file starts with lines containing the gauge values, without having to write a first line 

enumerating the load factors used by the laboratory staff. These values are automatically 

stored by the software from reading the first type of file. 

 The lines contain the following data, in order and separated by a comma: name of the 

strain gauge, Young modulus in [𝑀𝑃𝑎], Poisson coefficient and the stress value in [𝑀𝑃𝑎] 

calculated for the maximum load factor from the previous file. 

 When opening the excel file the user will find two buttons on the first sheet: 

 

Fig. 10 Opening sheet 
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To read the two input files the user shall click the ‘Input Data’ button. First, he shall 

select the laboratory results file and then the FEM results file. After the files are read, the 

software will organize the data into three different sheets: ‘Computed Values’, 

‘Experimental Values’ and ‘Captions’. 

 

Fig. 11 Sheet names 

The sheets ‘Computed Values’ and ‘Experimental Values’ will contain the stress values 

in MPa, the first sheet containing the FEM stress values and the second the experimental 

principal stress values, obtained using the formulas presented in the second chapter. 

 

Fig. 12 Resulting data on sheets 

The next step consists in checking the relative errors between the computed stress values 

and the experimental ones. The user performs the verification by clicking the ‚Error’ toggle 

button from either of the first two sheets. 

 

Fig. 13 Error color coded data 

 The worksheet will now output the relative error numerically, as well as color coded 

with the following legend: green (0,255,0) for error less than 5%, yellow (255,255,0) for 
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error less than 15% and red (255,0,0) for error exceeding 15%, 0. Displaying the error in a 

color-coded format facilitates the process of identifying the critical strain gauges where the 

error is colored red, meaning that the design of the structure must be revised and sent 

through another iteration of analysis by the stress department. This technique makes the 

process much faster and more efficient. After completing the design iteration process, and 

after the error colors are either green or yellow, the user can go to the next step of preparing 

the captions for the actual stress report. 

 

Fig. 14 Enabled captions for stress report 

From either of the first two sheets, the user selects the desired captions to be included in 

the final report by clicking the first cell of the strain gauge’s line. These will automatically 

appear on the ‘Captions’ sheet. The small etiquettes contain the following data, in the 

following order: FEM stress value, laboratory test stress value and relative color-coded error 

between them, all the values corresponding to the maximum load factor from the first input 

file. They can be dragged in their respective positions on the imported screenshot of the 

structure. The strain gauge placeholder shapes have been added for ease of use. Alongside 

the former features, there is also a graph object that plots all the stress values from a certain 

strain gauge. To start the plotting process the user shall click the gauge caption button. 

 

Fig. 15 Stress report sheet 
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In Fig. 15, the stress values of the fitting part were calculated, using linear and buckling 

analysis, 0, 0 and 0. 

After the editing has been done, the sheet is ready to be included in the final stress report 

using a screen capturing software. 

4. SOFTWARE SOURCE CODE 

The program flowchart is presented in Fig.16, followed by the program source code. The 

flowchart represents a graphical resume of the previous chapter regarding the main user-

events from excel visual basic code: the data input button, the error toggle button and the 

caption selection process, followed by the actual preparation of the report sheet, 0. 

 

Fig. 16 Program flowchart 

 
Module1: 
Public Sub Caption_Create() 
 Dim Ox, Oy As Single 
 Ox = 500# 
 Oy = -60# 
  
 Application.ScreenUpdating = False 
 With ActiveWorkbook.VBProject.VBComponents(Worksheets(3).CodeName).CodeModule 
  .insertlines .CountOfLines + 1, Chr(39) + "s1_code" '+ vbCrLf 
 End With 
 For i = 6 To 6 + Worksheets(4).Cells(1, 2) 
  text = Right(Worksheets(1).Cells(i, 2), 1) 
  Select Case text 
   Case "G" 
    Set NewButton = Worksheets(3).OLEObjects.Add("Forms.commandbutton.1") 
    With NewButton 
     .Name = "c" + CStr(i) + "00_btn" 
     .Object.Caption = "" 
     .Object.Accelerator = "M" 
     .Top = Oy + i * 13 
     .Left = Ox 
     .Width = 6 
     .Height = 12 
     .Object.Font.Size = 8 
     .Object.Font.Name = "Tahoma" 
     .Object.BackStyle = fmBackStyleOpaque 
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     .Visible = False 
    End With 
     
    Set NewLabel = Worksheets(3).OLEObjects.Add("Forms.label.1") 
    With NewLabel 
     .Name = "c" + CStr(i) + "01_lbl" 
     .Object.Caption = Format(CStr(Worksheets(1).Cells(i, Worksheets(4).Cells(1, 1) 
+ 1)), "#") + "MPa" 
     .Top = Oy + i * 13 
     .Left = Ox + 6 
     .Width = 40 
     .Height = 12 
     .Object.BackColor = RGB(255, 255, 255) 
     .Object.BorderStyle = fmBorderStyleSingle 
     .Object.BackStyle = fmBackStyleOpaque 
     .Object.TextAlign = fmTextAlignCenter 
     .Object.Font.Size = 10 
     .Object.Font.Bold = True 
     .Object.Font.Name = "Consolas" 
     .Visible = False 
    End With 
     
    Set NewLabel = Worksheets(3).OLEObjects.Add("Forms.label.1") 
    With NewLabel 
     .Name = "c" + CStr(i) + "02_lbl" 
     .Object.Caption = Format(CStr(Worksheets(2).Cells(i, Worksheets(4).Cells(1, 1) 
+ 1)), "#") + "MPa" 
     .Top = Oy + i * 13 
     .Left = Ox + 45 
     .Width = 40 
     .Height = 12 
     .Object.BackColor = RGB(255, 255, 255) 
     .Object.BorderStyle = fmBorderStyleSingle 
     .Object.BackStyle = fmBackStyleOpaque 
     .Object.TextAlign = fmTextAlignCenter 
     .Object.Font.Size = 10 
     .Object.Font.Bold = True 
     .Object.Font.Name = "Consolas" 
     .Visible = False 
    End With 
     
    Set NewLabel = Worksheets(3).OLEObjects.Add("Forms.label.1") 
    With NewLabel 
     .Name = "c" + CStr(i) + "03_lbl" 
     j = Worksheets(4).Cells(1, 1) + 1 
     er = Abs((Worksheets(4).Cells(i, j) - Worksheets(5).Cells(i, j)) / 
(Worksheets(4).Cells(i, j) + 0.0000001)) 
      
     If er < 0.05 Then 
      .Object.BackColor = RGB(1, 255, 1) 
     ElseIf er < 0.15 Then 
      .Object.BackColor = RGB(255, 255, 1) 
     Else 
      .Object.BackColor = RGB(255, 1, 1) 
     End If 
     .Object.Caption = Format(CStr(Abs(er) * 100), "#.0") + "%" 
     .Top = Oy + i * 13 
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     .Left = Ox + 84 
     .Width = 40 
     .Height = 12 
     .Object.BorderStyle = fmBorderStyleSingle 
     .Object.BackStyle = fmBackStyleOpaque 
     .Object.TextAlign = fmTextAlignCenter 
     .Object.Font.Size = 10 
     .Object.Font.Bold = True 
     .Object.Font.Name = "Consolas" 
     .Visible = False 
    End With 
    
    With ActiveWorkbook.VBProject.VBComponents(Worksheets(3).CodeName).CodeModule 
     '=====================================BUTTON 1 
     .insertlines .CountOfLines + 1, "Private Sub c" + CStr(i) + 
"00_btn_MouseDown(ByVal Button As Integer, ByVal Shift As Integer, ByVal X As 
Single, ByVal Y As Single)" 
     .insertlines .CountOfLines + 1, "   If Button = XlMouseButton.xlPrimaryButton 
Then" 
     .insertlines .CountOfLines + 1, "    Worksheets(3).ChartObjects(""Chart 
5"").Activate" 
     .insertlines .CountOfLines + 1, "    ActiveChart.ChartTitle.text = 
Worksheets(4).Cells(" + CStr(i) + ", 2)" 
     .insertlines .CountOfLines + 1, "    ActiveChart.SeriesCollection(1).XValues = 
Worksheets(5).Range(Worksheets(5).Cells(5, 5), Worksheets(5).Cells(5, 1 + 
Worksheets(5).Cells(1, 1)))" 
     .insertlines .CountOfLines + 1, "    ActiveChart.SeriesCollection(1).Values = 
Worksheets(4).Range(Worksheets(4).Cells(" + CStr(i) + ", 5), Worksheets(4).Cells(" 
+ CStr(i) + ", 1 + Worksheets(4).Cells(1, 1)))" 
     .insertlines .CountOfLines + 1, "    ActiveChart.SeriesCollection(2).XValues = 
Worksheets(5).Range(Worksheets(5).Cells(5, 5), Worksheets(5).Cells(5, 1 + 
Worksheets(5).Cells(1, 1)))" 
     .insertlines .CountOfLines + 1, "    ActiveChart.SeriesCollection(2).Values = 
Worksheets(5).Range(Worksheets(5).Cells(" + CStr(i) + ", 5), Worksheets(5).Cells(" 
+ CStr(i) + ", 1 + Worksheets(5).Cells(1, 1)))" 
     .insertlines .CountOfLines + 1, "   End If" 
     .insertlines .CountOfLines + 1, "End Sub" 
     '=====================================LABEL 1 
     .insertlines .CountOfLines + 1, "Private Sub c" + CStr(i) + 
"01_lbl_MouseDown(ByVal Button As Integer, ByVal Shift As Integer, ByVal X As 
Single, ByVal Y As Single)" 
     .insertlines .CountOfLines + 1, "   If Button = XlMouseButton.xlPrimaryButton 
Then" 
     .insertlines .CountOfLines + 1, "    mdOriginX = X" 
     .insertlines .CountOfLines + 1, "    mdOriginY = Y" 
     .insertlines .CountOfLines + 1, "   End If" 
     .insertlines .CountOfLines + 1, "End Sub" 
     .insertlines .CountOfLines + 1, "Private Sub c" + CStr(i) + 
"01_lbl_MouseUp(ByVal Button As Integer, ByVal Shift As Integer, ByVal X As Single, 
ByVal Y As Single)" 
     .insertlines .CountOfLines + 1, "   If Button = XlMouseButton.xlPrimaryButton 
Then" 
     .insertlines .CountOfLines + 1, "  set obj0=worksheets(3).oleobjects(""c" + 
CStr(i) + "00_btn"")" 
     .insertlines .CountOfLines + 1, "  set obj1=worksheets(3).oleobjects(""c" + 
CStr(i) + "01_lbl"")" 
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     .insertlines .CountOfLines + 1, "  set obj2=worksheets(3).oleobjects(""c" + 
CStr(i) + "02_lbl"")" 
     .insertlines .CountOfLines + 1, "  set obj3=worksheets(3).oleobjects(""c" + 
CStr(i) + "03_lbl"")" 
     .insertlines .CountOfLines + 1, "  obj0.Left = obj0.Left + X - mdOriginX" 
     .insertlines .CountOfLines + 1, "  obj1.Left = obj1.Left + X - mdOriginX" 
     .insertlines .CountOfLines + 1, "  obj0.Top = obj0.Top + Y - mdOriginY" 
     .insertlines .CountOfLines + 1, "  obj1.Top = obj1.Top + Y - mdOriginY" 
     .insertlines .CountOfLines + 1, " End If" 
     .insertlines .CountOfLines + 1, "End Sub" 
      
      
.insertlines .CountOfLines + 1, "Private Sub c" + CStr(i) + "02_lbl_MouseDown(ByVal 
Button As Integer, ByVal Shift As Integer, ByVal X As Single, ByVal Y As Single)" 
     .insertlines .CountOfLines + 1, "   If Button = XlMouseButton.xlPrimaryButton 
Then" 
     .insertlines .CountOfLines + 1, "    mdOriginX = X" 
     .insertlines .CountOfLines + 1, "    mdOriginY = Y" 
     .insertlines .CountOfLines + 1, "   End If" 
     .insertlines .CountOfLines + 1, "End Sub" 
     .insertlines .CountOfLines + 1, "Private Sub c" + CStr(i) + 
"02_lbl_MouseUp(ByVal Button As Integer, ByVal Shift As Integer, ByVal X As Single, 
ByVal Y As Single)" 
     .insertlines .CountOfLines + 1, "   If Button = XlMouseButton.xlPrimaryButton 
Then" 
     .insertlines .CountOfLines + 1, "  set obj0=worksheets(3).oleobjects(""c" + 
CStr(i) + "00_btn"")" 
     .insertlines .CountOfLines + 1, "  set obj1=worksheets(3).oleobjects(""c" + 
CStr(i) + "01_lbl"")" 
     .insertlines .CountOfLines + 1, "  set obj2=worksheets(3).oleobjects(""c" + 
CStr(i) + "02_lbl"")" 
     .insertlines .CountOfLines + 1, "  set obj3=worksheets(3).oleobjects(""c" + 
CStr(i) + "03_lbl"")" 
     .insertlines .CountOfLines + 1, "  obj0.Left = obj0.Left + X - mdOriginX" 
     .insertlines .CountOfLines + 1, "  obj1.Left = obj1.Left + X - mdOriginX" 
     .insertlines .CountOfLines + 1, "  obj0.Top = obj0.Top + Y - mdOriginY" 
     .insertlines .CountOfLines + 1, "  obj1.Top = obj1.Top + Y - mdOriginY" 
     .insertlines .CountOfLines + 1, " End If" 
     .insertlines .CountOfLines + 1, "End Sub"      
    End With 
  End Select 
 Next i 
 With ActiveWorkbook.VBProject.VBComponents(Worksheets(3).CodeName).CodeModule 
  .insertlines .CountOfLines + 1, Chr(39) + "e1_code" '+ vbCrLf 
 End With 
End Sub 

5. CONCLUSIONS 

The manual analysis of a large number of results from the strain gauges used in a 

structural testing laboratory can take an extremely large amount of time and is prone to 

human errors.  

The software is designed to accelerate such a process of comparative analysis of the 

stress values from the experimental tests and those calculated with the FEM software by 

using a user-friendly interface. 
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The process is partitioned into three stages: check of the critical strain gauges with a 

high degree of error, selection of the relevant strain gauges for each part and reporting of 

results. The program reduces the time needed to manage all of these stages. The color-coding 

of the relative error quickly shows where further design is needed and also gives an overview 

of the quality of the current design iteration. The user can then easily select the relevant 

strain gauges to be included in a graphical representation of a detailed report. This can be 

done as many times as needed, with as many parts are required. 

The original contributions of the authors are as follows: 

a) Setting up of a calculation procedure for a combined static and dynamic application. 

b) Setting up of an Excel Visual Basic program for comparative analysis between 

experimental and calculated data. 
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