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Summary. Search agricultural machinery design, including wide spread boom sprayers is impossible to 

implement qualitatively without carrying out experimental investigations. Therefore, this paper is focused on the 

important aspects of preparation method for experimental research. Particularly, the analytical model for 

determining the approximation curve nature and the method of the calibration factor setting are given. The results 

of processing the experimental research oscillograph with reception of graphical dependences of normal tension 

in intersection of the investigated element of the metal construction are given. 
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Statement of the problem. The search design of agricultural machines, particularly 

long-range boom sprayers, is performed in several stages: problems analysis, development of 

ideas concerning improvement and its theoretical substantiation, experimental verification [1, 

2]. And these are experimental investigations that deny or confirm the results of the research 

mathematical model of the particular object of the agricultural machine. Due to them the 

researcher obtains reliable background information about the object in order to develop 

adequate analytical models. Obtaining the most reliable magnitudes of the investigated values 

significantly depends on the quality of the set up and carried out experiment as well as on the 

processed results.  

Analysis of the available investigations and publications. Experimental 

investigations of the development object is always followed by program design, writing 

methods, preparing the experimental equipment and the research object, immediate experiment 

directly and its results processing [3–6]. Each of these stages is important in order to obtain 

qualitative final result. There is a lot of information in the literature sources concerning the 

above mentioned problem, but, as a rule, it is presented only in general context and its 

adaptation to the particular experiment is very challenging. 

One of the most important stages in the experiment preparation is the calibration of the 

strain gauge equipment. Methods of this procedure performance are described by researchers 

in many scientific papers, but there is little information about the mathematical apparatus of its 

implementation. In most cases, the final result is the calibration factor, and there is no evidence 

of its functional dependence. 

Objective of the paper is to develop the method for strain gauge equipment calibration 

and provide the mathematical model for strain gauge resistance sensors calibration using 

rectangular beam loaded according to the «pure bending» scheme. 

Statement of basic material. While carrying out the experimental investigations 

concerning the real stress state determining for metal structures of agricultural machines, 

particularly the boom frames of the long-range sprayers, strain gauges are often used. 
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The same can be applied to various strain gauges, the basis of which is the sensitive 

element of the strain gauge. The deformation of this element depends on its resistance, and this 

affects the current circuit where it flows. Connecting to digital universal recording system 

(URS), we obtain the electrical signal, which due to the calibration procedure, is converted into 

physical value of the investigated parameter. 

This method is presented on the example, of strain gauges P1calibration, which are 

selected from the lot of sensors stick to the sprayer metal structure. 

P1 class sensors with B accuracy have the following technical parameters [7]: 

- rated resistance: 200 ; 

- boundary deviation of electrical resistance in the lot 100 pcs.: ±0,2%; 

- maximum measured deformation: ±3000 µm/m; 

- sensitivity: 1,9–2,3; 

- operation temperature range: -700С to +2000С. 

The strain gauge element is the rectangular steel (steel 25) beam with the cross section 

8 mm  19 mm loaded with two symmetric forces forming constant bending moment area (pure 

bending). 

Universal press UP-8 is the loading device, Figure 1. 

 

 
 

Figure 1. Strain gauge calibration at universal press UP-8 

 

The given resistors are mounted on the top and bottom parts of the strain gauge beam 

(middle part) according to the standard procedure and by proper glue recommended by the 

strain gauges manufacturer. Then wire unsoldering is performed for connection to the SRU. 

The obtained strain gauge element is placed into the loading device included in the universal 

press UP-8. Distances between the supports 160 mm, forces application prisms 70 mm 

(symmetrically from the beam middle of the) are provided. According to its design, UP-8 has 

force transmission coefficient 50K . 

The calibration process itself is performed in the following sequence: 

- connection of strain gauges to the corresponding SRU channel (channel 1 – resistor 

stick on the beam side, the fibers of the beam are stretched under load, channel 2 – the resistor 

on the compressed fibers); 
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- procedure for SRU starting to the operation mode [8]; 

- gradual beam loading-unloading by means of universal press UP-8 (adding loads 

from 1 kg to 6 kg). Multiplicity of carried out experiments is 3. 

According to the results of this calibration stage the following results are obtained, Table 1. 

 
Table 1 

 

The results of the strain gauge beam calibration in relative (electrical) units 

 

UP-8 load mass, kg 0 1 2 3 4 5 6 

1 
*R1 2041 2103 2175 2252 2310 2370 2439 

**R2 2028 1949 1862 1821 1741 1670 1605 

2 
R1 2037 2108 2177 2255 2324 2369 2466 

R2 2024 1932 1853 1815 1735 1682 1609 

3 
R1 2045 2112 2183 2264 2329 2375 2469 

R2 2030 1948 1868 1825 1735 1685 1602 

Avarage 

values 

R1 2041 2107 2178 2257 2321 2371 2485 

R2 2027 1943 1861 1820 1737 1679 1605 
Note: *R1 is the line corresponding to channel 1 signals;  

**R2 is the line corresponding to channel 2 signals. 

 

The final goal of calibration procedure for strain gauge sensors is to obtain the 

calibration coefficient providing SRU electrical signals conversion into physical magnitudes 

while investigating the real objects. 

In order to choose further steps of the obtained statistic data processing, it is necessary 

to check the regularities of their placement on the coordinate plane. In other words, find their 

trends. Often, researchers accept, as a rule, the simplest trend without their choice 

substantiation. Let's also start with the simplest – the linear trend, which, logically, should 

reflect and continue the obtained values from the given series. 

The trend construction essence is to determine the class of functions (among known 

ones) that can be most closely related to the point graphs of the experimental investigation time 

series. In order to determine the deviation of the specified function from valid experimental 

data, mainly the least-squares method is used. 

To find the trend, the following mathematical apparatus is used. 

General view of the empirical formula (trend) [4, 5] 

 

 maatfy ...,,, 0 ,   km  , (1) 

 

where m  is the number of trend parameters, k  is the number of known time series values.  

Trend deviation from the measured values during the experiment is 

 

 
imi yaaaif  ...,,,, 10 ,     ki ...,,2,1 . (2) 

 

The smallest squared sum of such deviations indicates the maximum convergence of the 

specified function and the corresponding points in the experimental data time series. 
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It is know that in order to determine the function minimum  
maaS ...,,0

, in this case it 

is sufficient to find its partial derivatives by parameters 
maa ...,,0

 and set them to zero. Hence, 

we obtain the general notation of the equations system 
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Now, taking into account the fact that the linear trend is described by the straight line 

equation 

 

taay 10  , (5) 

 

from system (4) we obtain the system of linear algebraic equations for linear trend 
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It solution is found due to the known method by determining unknown coefficients 
0a  

and 
1a . For this purpose, we write the known system parameters: 7k ; 2m ; 

iy  is the 

average numerical values of time series 
1R  of experimental investigations (Тable 1). 

After the substitution of the values, system (6) is as follows 

 











.104854,614028

;105733,1287

4

10

4

10

aa

aa
 (7) 

 

The result of solution (7) is: 
3

0 10913,1 a  і 6429,681 a . 

Then the sought-for linear trend dependency is as follows 

 

ty 6429,6810913,1
3

 . (8) 

 

Mean-square deviation is used to estimate the proposed trend quality 
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Here 4849,7 . 

Graphical interpretation of the carried out procedure is shown in Figure 2. 
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Figure 2. Linear approximation of experimental time series data
1R

 
 

Similarly, we perform the described operations for statistical time series 
2R  of electrical 

signals of resistor 2. 

System (6) according to the values of series 
2R  is as follows 
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Hence we have: 2857,20840 a  and 5,681 a . 

Then the sought-for linear trend dependency is 

 

ty 2857,20845,68  . (11) 

 

Mean-square deviation is 0865,10 . 

Graphical interpretation is shown in Figure 3. 
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Figure 3. Linear approximation of experimental time series data
2R

 
 

It is evident from graphs in Figure 3, 4, that the experimental points scatter band 

probably has straight-line tendency, but it is reasonable to carry out comparative analysis, for 

example with quadratic trend, in order to substantiate the decision made. 

The quadratic trend functional dependency is 
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After substituting the mean values of series 
1R , taking into account that 3m  
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The determined coefficients are: 7143,19680 a ; 5,711 a ; 3571,02 a . 

Functional dependence of quadratic trend is 
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Mean-square deviation is 0686,8 . 

Similarly, system (16) is obtained after substituting the average values of series 
2R  
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The determined coefficients are: 5714,20960 a ; 6905,761 a ; 0238,12 a . 

Then the functional dependence of quadratic trend is 
 

2
0238,16905,765714,2096 tty  . (17) 

 

Mean-square deviation is 2214,10 . 

Let us compare the mean-square deviations for determined linear and quadratic trends 

for time series 
1R  and 

2R : 

– for series 
1R : mean-square deviations for linear trend is 7,4849; quadratic – 8.0686. 

Here closer connection is provided by linear approximation; 

– for series 
2R : for linear trend is 10,0865; quadratic – 10,2214.  

It is evident from comparison that the mean-square deviation for both numerical series 

for linear approximation is smaller than quadratic one, and therefore it is reasonable to use 

linear dependence for the approximation of obtained numerical series 
1R  and 

2R . 

If so, then for linear dependence the function increment is constant value. On this basis 

we develop method for determining the strain gauges calibration coefficient. 

Using the known dependence from the strength of materials [9], the resistance moment 

of the experimental beam is 
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where b  is beam width, 008,0b  m; 

h  is beam height, 019,0h  m. 

Then resistance moment is 
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Theoretical normal stresses occurring in beam cross-sections are determined in the 

following way 
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where M  is the moment occuring in the considered beam cross-section 
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where 
ABL  is distance between the supports А and В, 16,0ABL  m; 

PL  is distance between 

applied forces, 070,0PL  m; P  is force generated by UP-8 loading mechanism when 

changing loads and taking into account the force transfer coefficient .50K  

Accordingly, we obtain the moments by (20), by which the beam is loaded, Nm: 0; 

22,065; 44,13; 66,195; 88,26; 110,325; 132,39. 

Substituting the obtained moments into formula (19), we found the control values of 

normal stresses (
i ) in the beam cross-section intersection, where constant moment, MPa: 0; 

45,841; 91,683; 137,524; 183,365; 229,207; 275,048 act. 

In accordance with the strain gauges resistance and their sensitivity coefficient, as well 

as SRU operation mode, the signal gain by the equipment is, .16pidk  

The discrete values of the calibration factor by signals of series 
1R  and 

2R  are 

determined by dependence 
 

i
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itar
R

k
k

)2(1

)2(1


 , (21) 

 

the calculated values are summarized in Table 2. 
 

Table 2 
 

Discrete values of the calibration coefficient 
 

.

MPa
,1

un
k itar , 0 0.3481 0.6734 0.9749 1.2640 1.5465 1.7904 

.

MPa
,2

un
k itar  0 0.3775 0.7882 1.2088 1.6890 2.1842 2.7413 

 

The gain of the relative units values for SRU electrical signal on sections 

1,...,2,1  ki  under gradual loading of the investigated beam is determined by the following 

dependence 
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The determined values by dependences (22) and (23) are summarized in Table. 3. 
 

Table 3 

 

Average gain 

 

i1  66 71.33 78.67 64 50.33 86.67 5,691   

i2  -84.33 -82 -40.67 -83.33 -58 -73.67 33,702   
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The average gain in sections by the values of series 
1R  and

2R , that is, on stretched and 

compressed fibers, is 92,69 , the ratio error between the average gain is 1.2%. 

Let us determine the averages of the calibration factor by average gain and based on the 

stresses values determined from (21) for both series 

 

pid

RRRR

Ti kk ii




  )2(1)2(1

)2(1
1


, (24) 

 

where 
iRR )2(1  are stresses determined from (21) based on numerical values of series 

1R  

and 
2R . 

Substituting the numerical values into (24), we obtain identical values of the calibration 

factor for all sections and for both series 
.

MPa
4905,10)2(1

un
kk TT  . 

Conclusion. The obtained value of calibration factor is used to transform the electrical 

signal values (in relative units) to the actual stress values. The result of such procedure is shown 

in Figure 4 and 5. 

 

 

 
Figure 4. The component of unprocessed oscillogram (5 s) of the experimental sprayer investigation 

 

 
Figure 5. The nature normal stresses change in the investigated cross-section of metal construction according 

to the obtained oscillogram 
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The component of the oscillogram of stress state investigation for one of the boom frame 
cross-sections of the long-rande sprayer during the technological process implementation is 
shown in Figure 5. And the processed signal, where the result of dynamic loads action given in 
physical units – stresses in MPa is shown in Figure 6. Thus, according to the obtained actual 
values, such as acting stresses, the prediction of the operational life for the given metal 
structures is done. The results of such investigations are given in papers [10–12]. 
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ВАЖЛИВІ АСПЕКТИ МЕТОДИКИ ПРОВЕДЕННЯ  
ЕКСПЕРИМЕНТАЛЬНИХ ДОСЛІДЖЕНЬ 

 

Андрій Бабій 
 

Тернопільський національний технічний університет імені Івана Пулюя, 
Тернопіль, Україна 

 
Резюме. Пошукове конструювання сільськогосподарських машин, зокрема, штангових 

обприскувачів широкої розгортки, неможливо якісно реалізувати без проведення експериментальних 
досліджень. Підготовка до виконання натурних чи напівнатурних експериментів вимагає розроблення 
програми та методики їх проведення. Серед підготовчих процедур відповідальною є тарування 
тензометричного обладнання. Від того, наскільки якісно буде встановлено тарувальні коефіцієнти 
залежатиме величина збіжності отриманих результатів до значень фактично виникаючих величин.  

У роботі поставлено за мету розробити методику тарування тензометричного обладнання та 
навести математичну модель тарування тензометричних датчиків опору з використанням балки 
прямокутного перетину, яка навантажена за схемою «чистого згину». Для реалізації поставленої мети 
виконано дослідження тенденції розміщення експериментальних даних на координатній площині. 
Використовуючи емпіричні залежності (тренди), встановлено, що тісний зв'язок спостерігається при 
лінійній апроксимації у порівнянні з квадратичною. Таку оцінку отримано при використанні методу 
найменших квадратів за середньоквадратичним відхиленням. Отримане доведення дозволило вибудувати 
подальші дії методики тарування щодо встановлення точного значення тарувального коефіцієнта.  

Для датчиків П1 класу точності Б з базою 20 mm, які були відібрані з відповідної партії та 
наклеєними на поверхнях розтягу і стиску тензометричної балки, визначено усереднене значення 
тарувального коефіцієнта за середнім значенням приросту для обох числових рядів експериментальних 

даних. При цьому тарувальний коефіцієнт становить 
.

MPa
4905,10)2(1

un
kk TT  . Отримане значення 

даного коефіцієнта використовується для переведення значень електричного сигналу (у відносних 
одиницях) осцилограми експериментального дослідження у фактичні значення діючих напружень чи 
інших фізичних величин. 

Ключові слова штанговий обприскувач, експериментальні дослідження, апроксимуюча крива, 
тензорезистор, момент опору, напруження. 
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