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Abstract 

 

This paper is a full article on the basis of the material presented in the two conference thesis. In the process of 

investigation of dynamics and vibrations of agricultural machines various experimental methods are used. 

Among them moiré methods can be noted because of their simplicity and easy applicability. Projection moiré is 

most often used for this purpose. It is used to visually estimate the shape of the eigenmode by projecting moire 

grating to a flat part of the case of the agricultural machine. Time averaging is applied when investigating 

vibrations of the structure according to the eigenmode. In this paper possibilities of application of hybrid 

experimental – numerical procedures for measurements of large amplitude vibrations by reflection moiré are 

investigated. 
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1. Introduction 

 

This paper is a full article on the basis of the material presented in the two conference thesis: 

(Ragulskis K. et al., 2020) and (Ragulskis K. et al., 2021). 

In the process of investigation of dynamics and vibrations of agricultural machines various 

experimental methods are used. Among them moiré methods can be noted because of their simplicity 

and easy applicability. Projection moiré is most often used for this purpose. It is used to visually 

estimate the shape of the eigenmode by projecting moire grating to a flat part of the case of the 

agricultural machine. Time averaging is applied when investigating vibrations of the structure 

according to the eigenmode. 

In this paper possibilities of application of hybrid experimental – numerical procedures for 

measurements of large amplitude vibrations by reflection moiré are investigated. This paper is the 

continuation of investigations of the authors presented in (Maskeliūnas R. et al., 2021) and 

(Maskeliūnas R. et al., 2019). 

In the previous papers typical results when vibrations are considered of large amplitude for a given 

shape of eigenmode were described and compared with the results when vibrations are considered as 

being of small amplitude. Here the shape of the eigenmode is determined numerically on the basis of a 

finite element model and thus the obtained results are applicable in hybrid experimental – numerical 

procedures. 

Interpretation of experimental time averaged reflection moiré images for small amplitude 

vibrations is described in (Ragulskis M. et al., 2006). Related problems are investigated in (Ragulskis 

K. et al., 2006), (Maskeliūnas V. et al., 2018), (Maskeliūnas V. et al., 2016), (Maskeliūnas R. et al., 

2016), (Maskeliūnas R., Ragulskis K., Paškevičius P., Pauliukas A. et al., 2015), (Maskeliūnas R., 
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Ragulskis K., Paškevičius P., Patašienė L. et al., 2015), (Ragulskis M. et al., 2005), (Ragulskis M. et 

al., 2002), (Saunorienė L., Ragulskis M., 2010), (Soifer V. A., 2001), (Timoshenko S. P., Goodier J. 

N., 1975), (Vest C., 1982) and in a number of other research papers. 

First model for the analysis of time averaged reflection moiré measurement of large amplitude 

vibrations is described. Then results of analysis of time averaged reflection moiré measurement of 

large amplitude vibrations are presented, which include eigenmodes of the structure as well as 

investigation of intensities of time averaged reflection moiré images. 

 

2. Model for the analysis of time averaged reflection moiré measurement of large amplitude 

vibrations 

 

Investigation is based on a plane strain problem. Further x and y denote the axes of coordinates, u 

and v denote displacements in the directions of the x and y axes. 

The stiffness matrix is of the following form: 
 

       ,
T

K B D B dxdy   (1) 
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where N1, N2, … denote the shape functions of the finite element, 
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E is the modulus of elasticity and ν is the Poisson’s ratio. 

The mass matrix is of the following form: 
 

      ,
T

M N N dxdy   (3) 

 

where   denotes the density of material of the structure and also: 
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 (4) 

 

The investigated eigenmode further is denoted as  .  It is necessary to determine nodal values of 

the derivative .
v

x




 For this purpose it is necessary to solve the system of linear algebraic equations: 

 

   ,K F     (5) 

 

where the matrix of the system has the following form: 
 

,
T

K N N dxdy            (6) 

where: 
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also where    is the vector of the nodal values of 
v

x




 and where: 

 

  ,
T v

F N dxdy
x


      (8) 

 

where it is assumed that: 
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where: 
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Intensity of the time averaged reflection moiré image is calculated on the straight upper surface of 

the structure. It is assumed that moiré grating and the photographic plate are parallel to the surface of 

the structure. The distance between them and the surface of the structure in the status of equilibrium is 

assumed equal to d. 

Intensity of the time averaged reflection moiré image is calculated as: 
 

2

1

1 2 1
cos 2 sin 2 ,

m

i

v i
I x d

m x m






  
  

 
  (11) 

 

where m is a large integer number and   determines the width of moiré lines. 

For vibrations having large amplitude intensity of the time averaged reflection moiré image is 

calculated as: 
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Intensity is represented graphically in the normal direction to the straight upper surface of the 

structure. 
 

3. Results of analysis of time averaged reflection moiré measurement of large amplitude 

vibrations 
 

The elastic structure consists of one row of two dimensional Lagrange quadratic finite elements. 

All displacements of the three nodes on the left end of the investigated structure are assumed equal to 

zero. 

The following values of parameters of the investigated structure are assumed: modulus of elasticity 

86 10  Pa,E    Poisson’s ratio 0.3,   density of the material 
3

kg
785 .

m
   

Further the first two eigenmodes are investigated. First the eigenmodes are presented in detail and 

then variation of intensity on the straight upper surface of the structure is analysed. 

 

3.1. Eigenmodes of the structure 

 

External boundaries of the finite element mesh of the structure deflected according to the first 

eigenmode are presented in Fig. 1. 
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Fig. 1. The first eigenmode 

 

External boundaries of the finite element mesh of the structure deflected according to the second 

eigenmode are presented in Fig. 2. 

 

 
Fig. 2. The second eigenmode 

 

Displacement u on the external boundaries of the finite element mesh of the structure for the first 

eigenmode is presented in Fig. 3a. Displacement v on the external boundaries of the finite element 

mesh of the structure for the first eigenmode is presented in Fig. 3b. Derivative 
v

x




 on the external 

boundaries of the finite element mesh of the structure for the first eigenmode is presented in Fig. 3c. 

 

 
a) Displacement u on the external boundaries of the structure 

 
b) Displacement v on the external boundaries of the structure 

 

c) Derivative 
v

x




 on the external boundaries of the structure 

Fig. 3. Investigation of the first eigenmode 

 

Minimum and maximum values of the represented quantities for the first eigenmode are presented 

in Table 1. 

 
Table 1. Minimum and maximum values for the first eigenmode 



 51 

 Minimum Maximum 

u -0.245765 0.245765 

v 0 35.697 

v

x




 -3.40917 2457.66 

 

Displacement u on the external boundaries of the finite element mesh of the structure for the 

second eigenmode is presented in Fig. 4a. Displacement v on the external boundaries of the finite 

element mesh of the structure for the second eigenmode is presented in Fig. 4b. Derivative 
v

x




 on the 

external boundaries of the finite element mesh of the structure for the second eigenmode is presented 

in Fig. 4c. 

 

 
a) Displacement u on the external boundaries of the structure 

 
b) Displacement v on the external boundaries of the structure 

 

c) Derivative 
v

x




 on the external boundaries of the structure 

Fig. 4. Investigation of the second eigenmode 

 

Minimum and maximum values of the represented quantities for the second eigenmode are 

presented in Table 2. 

 
Table 2. Minimum and maximum values for the second eigenmode 

 Minimum Maximum 

u -0.85323 0.85323 

v -35.6866 25.7064 

v

x




 -8532.47 4173.9 

 

3.2. Investigation of intensities of time averaged reflection moiré images 

 

Intensity of the time averaged reflection moiré image on the straight upper surface of the structure 

is investigated. 
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Results for the first eigenmode when vibrations are considered to be of small amplitude are shown 

in Fig. 5a and when vibrations are considered to be of large amplitude they are shown in Fig. 5b. 

 

 
a) Vibrations of small amplitude 

 
b) Vibrations of large amplitude 

Fig. 5. Intensities of time averaged reflection moiré images for the first eigenmode 

 

Results for the second eigenmode when vibrations are considered to be of small amplitude are 

shown in Fig. 6a and when vibrations are considered to be of large amplitude they are shown in Fig. 

6b. 

 

 
a) Vibrations of small amplitude 

 
b) Vibrations of large amplitude 

Fig. 6. Intensities of time averaged reflection moiré images for the second eigenmode 

 

The presented results are applicable in hybrid experimental – numerical procedures for 

interpretation of experimental time averaged reflection moire images. 

For the problem of investigation of small amplitude vibrations, that is when it is assumed that the 

distance between the moiré grating and the photographic plate to the surface of the structure in the 

status of equilibrium is much larger than the deflection of the structure, interpretation of experimental 
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time averaged reflection moiré images is described in detail in (Ragulskis M. et al., 2006). This 

interpretation can be used for estimation of amplitudes of deflections of the investigated elastic 

structure performing vibrations according to the eigenmode. 

From the results represented in the obtained Figures one can see that the results when vibrations 

are considered to be of large amplitude exhibit some difference from the obtained results when 

vibrations are of small amplitude. It is seen that this difference is greatest where the amplitudes of 

vibrations are large. 

But the procedure of direct interpretation of experimental results for the structure performing 

vibrations that are of large amplitude is not as simple as for the case when vibrations are considered to 

be of small amplitude. Thus the procedure presented in this paper indicates the possibilities of 

application of hybrid experimental – numerical approach for interpretation of experimental results for 

the problem when vibrations are considered to be of large amplitude. 

 

4. Conclusions 

 

In the process of investigation of dynamics and vibrations of agricultural machines various 

experimental methods are used. Among them moiré methods can be noted because of their simplicity 

and easy applicability. Projection moiré is most often used for this purpose. It is used to visually 

estimate the shape of the eigenmode by projecting moire grating to a flat part of the case of the 

agricultural machine. Time averaging is applied when investigating vibrations of the structure 

according to the eigenmode. 

Procedures for measurements of large amplitude vibrations by time averaged reflection moiré are 

investigated in this paper. The shape of the eigenmode is determined numerically on the basis of a 

finite element model and thus the obtained results are applicable in hybrid experimental – numerical 

procedures performing the interpretation of experimental time averaged reflection moire images. The 

presented results show the importance of use of more precise equation for estimation of intensity of 

time averaged reflection moiré images when vibrations are of large amplitude. 

For the problem of investigation of small amplitude vibrations, that is when it is assumed that the 

distance between the moiré grating and the photographic plate to the surface of the structure in the 

status of equilibrium is much larger than the deflection of the structure, interpretation of experimental 

time averaged reflection moiré images is not a problem. This interpretation can be used for estimation 

of amplitudes of deflections of the investigated elastic structure performing vibrations according to the 

eigenmode. 

From the obtained results one can see that the results when vibrations are considered to be of large 

amplitude, they exhibit some difference from the obtained results when vibrations are of small 

amplitude. It is seen that this difference is greatest where the amplitudes of vibrations are large. 

But the procedure of direct interpretation of experimental results for the structure performing 

vibrations that are of large amplitude is not as simple as for the case when vibrations are considered to 

be of small amplitude. Thus the procedure presented in this paper indicates the possibilities of 

application of hybrid experimental – numerical approach for interpretation of experimental results for 

the problem when vibrations are considered to be of large amplitude. 
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