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OPEN Modal test and finite element

updating of sprayer boom truss

Qi Chen, Shaohao Zhou, Yuanfeng Xiao, Linfeng Chen, Yang Zhou & Lihua Zhang™*

In addressing the finite element model and actual structural error of the sprayer boom truss, this study
aims to achieve high-precision dynamic characteristics, enhance simulation credibility, make informed
optimization decisions, and reduce testing costs. The research investigates the dynamic behavior

of the sprayer boom truss through modal experiments and finite element simulations. Initially,

modal parameters of the sprayer boom are obtained through experimental testing, validating their
reasonableness and reliability. Subsequently, Ansys Workbench18.0 simulation software was employed
to analyze the finite element model of the sprayer boom, revealing a maximum relative error of
11.93% compared to experimental results. To improve accuracy, a kriging-based response surface
model was constructed, and multi-objective parameter adjustments using the MOGA algorithm reduce
the maximum relative error to 4.6%. Sensitivity analysis further refines the model by optimizing

target parameters, resulting in a maximum relative error of 4.96%. These findings demonstrate the
effective enhancement of the corrected finite element model’s precision, with the response surface
method outperforming sensitivity analysis the maximum relative error between the updated finite
element model and experimental results was within the engineering allowable range, confirming the
effectiveness of the updated model.
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The spray boom of a sprayer is a crucial component for ensuring the quality of spraying operations. To enhance
the uniformity of spray deposition, structural optimization and vibration reduction of the spray boom have
significant research and practical value!-. Iterative optimization based on experimental results of the actual
structure is reliable and realistic. However, the long production cycle, high cost, and difficulty in setting up test
environments pose challenges®®. In response to these issues, finite element simulation software has emerged,
improving analysis efficiency and reducing development costs. However, numerical models analyzed using
finite element simulation software often exhibit significant differences from the measured values in actual
experiments, leading to incorrect results and providing misguided guidance for optimization”3. To obtain more
accurate dynamic characteristics of the model, it is crucial to establish a finite element model that matches
the experimental data. The inaccuracies in finite element models generally arise from structural errors, order
errors, and parameter errors’. The first two errors can be reduced by improving the model’s accuracy. Parameter
errors usually result from inaccurate estimates of materials, geometric parameters, connections, and boundary
conditions. A finite element model updated based on experimental data exhibits higher accuracy and can
provide meaningful guidance for subsequent optimization designs!’.

Currently, updating of model parameter errors is a mainstream research direction. Xu et al.'! conducted
modal experiments to correct the density, elastic modulus, and bow head spring stiffness of the pantograph.
The final experimental results showed a simulation error of 5.2%. He et al.!?, focusing on helical bevel gears,
used modal experiments to target test parameters. They constructed a quadratic response surface model to
correct finite element model parameters, thereby improving model accuracy. Other scholars have also employed
various methods for model parameter updating. Liu et al.!* improved the glow-worm algorithm to correct both
simply supported beam and rigid frame bridge models, significantly reducing frequency errors and verifying
the superiority of the algorithm. Li et al.'¥, Zhang et al.'>, both utilized kriging models for model updating
on different research subjects, resulting in improved model accuracy. Sensitivity analysis has proven effective
in enhancing updating efficiency. Su et al.'S, Liu et al.'’, Zhang et al.’®, and Mottershead et al."’ all applied
sensitivity analysis methods for model parameter updating, demonstrating that this approach consistently
achieved accurate models.

This article employs modal experiments to extract the modal parameters of the spray boom, and the
simulation is carried out, and the simulation parameters are compared and analyzed with the test parameters. A
central composite experiment is designed for material density, Poisson’s ratio, and Young’s modulus. The kriging
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a. Main view

b. Top view

Fig. 1. Model diagram of spray boom truss.

1. Spray boom truss 2.Accelerometer 3.Bungee cord 4.Computer 5. Dynamic Data
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Fig. 2. Test layout site.

method is then used to construct a response surface model. Using the experimental modal parameters as a
standard, the MOGA algorithm is employed to optimize the density, Poisson’s ratio, and elastic modulus of
the spray boom. Subsequently, sensitivity analysis is conducted to obtain the optimal material parameters. The
maximum relative error in modal frequency is calculated, and a comparison is made with the response surface
method. Finally, the 7th, 8th, and 9th order natural frequencies and mode shapes of experimental and simulated
modes are compared to validate the accuracy improvement of the finite element model of the spray boom for
the sprayer.

Methods
Modal test plan of spray boom truss
The truss-type spray boom model studied in this article is shown in Fig. 1. This truss-type spray boom is
fabricated by welding multiple square and bent pipes. To enhance stability and strength, the overall structure is
processed into a triangular spatial truss. The overall dimensions of the truss are 3300 mm X 188 mm X 170 mm.
The modal testing equipment used in this experiment includes an excitation force hammer, DHDAS testing
and analysis software, IMC triaxial acceleration sensor, dynamic data collector, computer, and elastic ropes.
Single-point excitation and multi-point pickup vibration are employed to collect modal data. The spray boom
truss is dynamically excited by striking it with a force hammer, and the trusss response is recorded using a
dynamic data collector. In this experiment, an elastic rope is used to suspend the spray boom truss in mid-air
for free modal analysis, as depicted in Fig. 2. A total of 58 measurement points are arranged, and the model
structure is drawn in the DHDAS testing and analysis software, as shown in Fig. 3. Acceleration sensors are
sequentially placed at the measurement points on the truss. To better excite more modes, the force hammer
is applied vertically to the truss between points 37 and 23, and three effective averages are performed. The
acceleration sensors record the truss’s vibration response under excitation.

Analysis of modal test
The PolyLSCF (Least-Squares Complex Frequency-Domain method) algorithm?’ is a multi-reference point least
squares method in the complex frequency domain. It employs a discrete time-frequency domain model, falls
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Fig. 4. Experimental mode shape diagram.

under the category of global fitting methods, and is considered the optimal modal parameter identification
method in the frequency domain. The PolyLSCF method is suitable for both Experimental Modal Analysis
(EMA) and Operational Modal Analysis (OMA), and it supports Multiple Input Multiple Output (MIMO)
modal testing. It extracts the first six modal frequencies and mode shapes from the experimental results, as
shown in Fig. 4.

A common method for assessing the quality of experimental modal data is through the use of the Model
Assurance Criterion (MAC)?!. This criterion is employed to evaluate the correlation in the vector space
(geometry) of modal shapes. The MAC matrix can be expressed as:

o,

0< MAC = — 21— <
(@] ®)(D] ;)

(1)

where ®; and ®; represent the mode shapes of the i-th and j-th modes, respectively.

A MAC value of 0 indicates that the corresponding mode shapes are linearly independent, while a MAC value of
1 indicates that they are linearly correlated. Therefore, an ideal MAC matrix should have diagonal elements close
to 1 and off-diagonal elements close to 0. For the mode shape correlation coefficients in the current experiment,
as shown in Table 1 and Fig. 5, the MAC matrix appears to be ideal. This suggests that the experimental setup is
reasonable, the sensor configuration is effective, and no false modes are present.
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First-order | Second-order | Third-order | Fourth-order | Fifth-order iffltehr_

MAC Frequency /(Hz) | modalities | modalities modalities | modality modalities | modalities
First-order modalities 27.394 1 0 0 0.01 0.06 0
Second-order modalities | 41.518 0 1 0.03 0.02 0.01 0.01
Third-order modalities 60.436 0 0.03 1 0.04 0.03 0
Fourth-order modality 69.317 0.01 0.02 0.04 1 0 0
Fifth-order modalities 107.088 0.06 0.01 0.03 0 1 0.01
Sixth-order modalities 115.704 0 0.01 0 0 0.01 1

Table 1. MAC matrix.
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Fig. 5. Experimental modal MAC matrix.

Fig. 6. Finite element model meshing.
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Fig. 7. boundary conditions.

The finite element model of the spray boom truss

In this experiment, modal extraction was performed using the Ansys Workbench18.0 finite element simulation
software. A three-dimensional model was created using SolidWorks and imported into Ansys Workbench18.0
as a.x_t file. Material properties were defined within Ansys for the spray boom truss, utilizing structural steel
with a density of 7850 kg/m?, a Poisson’s ratio of 0.3, and a Young’s modulus of 200,000 MPa. The main mesh
size was set to 15 mm, with refinement in specific local regions. A total of 271,192 elements and 554,365 nodes
were generated, with a mesh element quality of 0.82, as illustrated in Fig. 6. To obtain a more accurate solution,
a mesh convergence analysis was conducted using the Convergence tool under equivalent stress in the static
analysis module. The boundary conditions are shown in Fig. 7. The convergence judgment results are shown in
Table 2. As can be seen from Table 2, although the number of meshes and nodes increased by 2 to 3 times, the
equivalent stress had already tended to stabilize, indicating that the mesh division had achieved a convergent
and stable solution.
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Serial number | Equivalent stress (MPa) | Change (%) | Nodes Element
1 126.3 - 554,365 271,192
2 126.84 0.43138 1,325,492 | 662,359

Table 2. Convergence judgment results.

Analysis of simulation test
In the Ansys Workbench18.0 simulation software, the Lanczos method algorithm was employed to extract the
first six non-zero modes, as depicted in Fig. 8.

The experimental and simulated mode shapes were normalized and their degrees of freedom were matched.
The relative errors between simulation and experiment were calculated and are presented in Table 3. As shown in
Table 3, the relative errors for the 1st and 3rd modes are 8.736% and 7.386%, respectively, indicating significant
errors. The relative error for the 2nd mode is even higher at 11.932%, exceeding an acceptable range. This
suggests that the current finite element model cannot provide effective guidance. Consequently, updating to the
model are necessary.

Finite element model updating of spray boom truss

The objective of model updating is to obtain a finite element model that can reliably predict the mechanical
dynamic characteristics. The overall strategy for updating the spray boom truss in this experiment is outlined
in Fig. 9.

Finite element model updating involves exchanging data between each step of the updating process and the
finite element program. The matrix model obtained by using the physical parameters of the finite element model
as updating parameters can easily provide physically meaningful interpretations??. In practical applications,
material parameters are often within a certain range. The parameter updating method is applied to adjust
material parameters, such as density, elastic modulus, Poisson’s ratio, bending, and rotational inertia. Therefore,
in this study, the parameter updating method will be employed to adjust material density, Poisson’s ratio, and
Young’s modulus.

The traditional approach to updating physical parameters involves repeatedly invoking finite element model
iteration calculations, which undoubtedly significantly increases computational load. In order to effectively
reduce the number of experiments and shorten the computation time while considering multiple factors
comprehensively, this study employs a response surface fitting surrogate model for experimentation.

Experimental design
For material density, Poisson’s ratio, and Young’s modulus, a range of values is defined. A response surface central
composite experimental design with three factors and five levels was employed to set sample points. The values
for updating parameters are presented in Table 4, and the experimental design plan is outlined in Table 5.
Kriging model? is a regression algorithm based on covariance functions for spatial modeling and prediction
(interpolation) of random processes/random fields. Its output is equal to a second-order polynomial (describing
the overall behavior of the model) plus a updating term (describing the local behavior of the model). The model
can be refined by inserting design points. Using the Kriging model to construct a response surface surrogate
model avoids repetitive computations of the model, greatly reducing the computational process. The response
surface can be expressed as:

y(@) = g(@)" A+ 2(x) ©)

where y(z) represents the response value; g(x) is a polynomial function; A represents the model’s basis function;
z(z) is a random process with a variance of ¢ and a mean of 0.

For given initial sample points X = (z,xs,- - ,x,) and response values Y = (y1, y2,- - - ,Yn), the predicted
values and variance of the Kriging model can be expressed as:

i(a) = c(o)'Y ®)

MSFE = E(c(x)"Y — y(z))? (4)

where C(z) represents the response value weight coeflicients, and y(z) is the predicted response value for the
Kriging sample points.

The accuracy of the response surface model is evaluated using the coefficient of determination R,. The coefficient
of determination R, ranges from 0 to 1, with values closer to 1 indicating higher precision of the surrogate model.
In this study, there are a total of 15 design points, and the accuracy of the surrogate model is shown in Fig. 10.

MOGA multi-target parameter updating

The MOGA algorithm?* is a variant based on the Non-dominated Sorting Genetic Algorithm II (NSGA-II).
It continuously iterates through processes such as population construction, objective solution, and objective
optimization until it finds the optimal values. The MOGA algorithm is employed for optimization. Its
mathematical optimization model can be represented as:
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Fig. 8. Mode shape diagram of finite element simulation.
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First-order modalities 27.394 29.787 8.736
Second-order modalities | 41.518 46.472 11.932
Third-order modalities 60.436 64.9 7.386
Fourth-order modalities | 69.317 69.429 0.161
Fifth-order modalities 107.088 111.79 4.391
Sixth-order modalities 115.704 119.22 3.039

Table 3. Table of relative error between test and simulation modes.
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Fig. 9. Flowchart of finite element updating of spray boom truss.
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Material Attributes -2 -1 0 1 2
Density (kg/m3) 6529.79 | 7065 7850 8635 9170.21
Young’s modulus (MPa) | 166,364 | 180,000 | 200,000 | 220,000 | 233,636
Poisson’s ratio 0.27 0.285 0.3 0.318 0.33

Table 4. Values of finite element updating parameters.

parameter | Density (kg/m?®) | Young’s modulus (MPa) | P ’s ratio
1 -2 0 0
2 0 0 2
3 -1 -1 1
4 0 0 -2
5 2 0 0
6 1 -1 1
7 0 -2 0
8 0 2 0
9 -1 1 -1
10 -1 -1 -1
11 0 0 0
12 1 1 -1
13 -1 1 1
14 1 -1 -1
15 1 1 1

Table 5. Finite element updating test code table.
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Fig. 10. Surrogate model accuracy.
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Material Attributes Initial parameters | Updated parameters
Density (kg/m?) 7850 8208.7

Young’s modulus (MPa) | 200,000 184,280

Poisson’s ratio 0.3 0.33

Table 6. Comparison of material parameters.

Order Experimental modal frequency /(Hz) | Modal frequency after updating /(Hz) | Relative error (%)
First-order modalities 27.394 27.984 2.154
Second-order modalities | 41.518 43.332 4.369
Third-order modalities 60.436 60.731 0.488
Fourth-order modalities | 69.317 66.126 4.603
Fifth-order modality 107.088 104.98 1.968
Sixth-order modalities 115.704 112.12 3.098

Table 7. Updating results and relative errors of the response surface method.

<Z 1fi (@) - J|>
i=1 min

st.p < p<py (5)
El S E S Eu,

< vy,

where m represents the number of objective functions, f () represents the objective functions, y represents the
objective values, and p, E, v respectively represent density, Young’s modulus, and Poisson’s ratio.

A total of 1000 initial samples were set, and the sample size for each iteration was set to 20. The search results
were required to have frequency errors between calculated modes and experimental modes not exceeding 5%.
The final updated material parameters are presented in Table 6, and the updating results are shown in Table
7. From the updating results, it can be observed that the relative errors for the second and fourth modes are
4.369% and 4.603%, respectively, indicating relatively large errors. The iteration curves for the search points of
the second and fourth mode frequencies are depicted in Fig. 11. It can be seen that, although the algorithm can
find optimal values during iteration, the MOGA algorithm comprehensively selects the overall optimal value
when considering multiple constraint objectives.

To improve computational efficiency, sensitivity analysis is performed on the finite element model using the
Spearman correlation coefficient?. The correlation coefficient p can be expressed as:

n

> (@ = T)(yi = 7)

p B n n (6)
\/Z (@i —Z)* > (4 —9)°

i=1 i=1

where z; and y; are the ranking values of sample point i, Z and 7 are the average rankings of x and y, and n is the
number of sample points.

The correlation between optimization objectives and material properties is shown in Fig. 12. From the figure,
it can be observed that density is negatively correlated with frequency, Youngs modulus is positively correlated
with frequency, and Poisson’s ratio has a relatively small impact. Therefore, based on the response surface
method, Poisson’s ratio is set to 0.33, and then parameter updating is performed again.

Finally, the results of the finite element model after sensitivity analysis updating are presented in Table 8. The
maximum relative error of modal natural frequencies for the finite element model updated based on sensitivity
analysis is reduced to 4.961%. The results indicate that the parameter updating based on sensitivity analysis
meets engineering requirements, while computational efficiency has increased. However, the accuracy is slightly
lower compared to the response surface method.

Model validation

To verify the credibility of the finite element model after updating, the unmodified 7th, 8th, and 9th order
natural frequencies and mode shapes are compared with the experimental modal frequencies and mode shapes.
The material parameters of the finite element model are adjusted to the parameters updated by the response
surface method. Calculations are carried out under the previous conditions, and the first 9 non-zero free modal
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Fig. 12. Updating of material properties.

frequencies are extracted, as shown in Table 9. The relative errors are 2.323%, 3.716%, and 5.137%, respectively,
all within the permissible error range for engineering. The mode shapes also exhibit high consistency. It can be
concluded that the finite element updated model reflects the actual dynamic characteristics of the structure well
and can provide correct guidance for practical engineering.

Results

This article provides a detailed study through modal testing and finite element simulation of the spray boom
truss, focusing on the updating of material parameters in the finite element model to enhance its credibility. The
specific summary of the work is as follows:
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Order Experimental modal freq y/(Hz) | Experimental modal freq y /(Hz) | Relative error (%)
First-order modalities 27.394 28312 3.35

Second-order modalities | 41.518 43.578 4.961

Third-order modalities 60.436 60.64 0.338
Fourth-order modalities | 69.317 65.925 4.893

Fifth-order modality 107.088 104.757 2.177

Sixth-order modalities 115.704 111.826 3.352

Table 8. Relative error after updating for the sensitivity method.

Order

Experimental modal freq

y /(Hz)

Experimental modal freq y /(Hz)

Relative error (%)

Seventh-order modality

133.391

136.49

2.323

Eighth-order modalities

174.794

181.29

3.716

Ninth-order modalities

211.389

200.53

5.137

Table 9. Validation table.

1. Modal parameters of the spray boom were obtained through experimental testing. The rationality of the ex-
perimental arrangement and the reliability of modal testing were verified through modal assurance criteria.

2. A response surface model was constructed using the kriging method. In response to a maximum relative
error of 11.93% in the first six non-zero modal frequencies between finite element simulation and actual
experiments, updating were made to the finite element model. The MOGA algorithm was employed for
multi-objective parameter updating, optimizing density, Young’s modulus, and Poisson’s ratio. After opti-
mization, with density at 8208.7 kg/m®, Young’s modulus at 184,280 MPa, and Poisson’s ratio at 0.33, the
maximum relative error in natural frequencies was reduced to 4.603%. To seek a more efficient updating
method, sensitivity analysis was further performed to identify a low-sensitivity Poisson’s ratio (fixed at 0.33).
The same optimization steps were then repeated, resulting in a final maximum relative error of 4.961%. The
results indicate higher accuracy with the response surface method, while the sensitivity method exhibits fast-
er computational speed. Both methods effectively improved the relative error of the updated finite element
model in modal frequencies compared to experimental results, enhancing the model’s accuracy.

3. The updated parameters were applied to the original finite element model for modal extraction. The seventh,
eighth, and ninth-order natural frequencies and mode shapes from both simulation and experiment were
compared, ultimately validating the credibility of the finite element model.

Discussion

In this study, the material parameters of the finite element model of the truss structure were updated using the
response surface method and the sensitivity method. Each method has its advantages and disadvantages, but
compared to previous studies, both methods can effectively improve the accuracy of the finite element model.
Additionally, the finite element model correction method proposed in this study is applicable to various similar
truss structures, providing a beneficial research foundation for the simulation analysis of truss structures. The
model, with improved accuracy based on this method, will be used in the future to provide valuable information
to engineers, improve data quality, and reduce testing time. It will be primarily used for dynamic simulation,
static analysis, lightweight design, optimization design, and other related tasks. Currently, the corrected finite
element model of the truss has been applied to simulation optimization in lightweight and vibration reduction,
and it has been found that the mechanical performance of the optimized truss structure has been significantly
improved.

Data availability
The data that support the findings of this study are available on request from the corresponding author, Lihua
Zhang, upon reasonable request.
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