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Abstract: Ginkgo biloba L. has significant health benefits and considerable economic value, but
harvesting the fruit is highly labor-intensive. Mechanical vibration harvesting has been shown
effective in harvesting various fruit types. In the study of vibration harvesting, the research on the
vibration characteristics of fruit trees focuses on the natural frequency (resonance frequency), model,
and damping coefficient, which are the main factors affecting the vibration characteristics of trees.
But field harvesting experiments have shown that the tree structure may have an impact on the
vibration characteristics of the fruit tree and the efficiency of mechanical harvesting. In addition, the
research on the damping coefficient of fruit trees is mainly low-frequency damping, and the relevant
results cannot be applied to the actual vibration harvesting frequency range. Applying a natural
frequency with low damping coefficient to excite a tree can reduce additional energy dissipation.
This study explored the influence of ginkgo crown structure on the vibration characteristics and
the law of damping changes with frequency. After counting 273 ginkgo trees, two typical ginkgo
crown structures, monopodial branching and sympodial branching, were selected to be analyzed
for vibration spectrum and damping coefficient. The vibration models for different crown-shaped
ginkgo trees were simulated to analyze the vibration state at different frequencies. For sympodial
branching ginkgo trees, the consistency of natural frequencies at different branches was better than
monopodial branching ginkgo trees. The finite element model analysis shows that monopodial
branching ginkgo trees have mainly partial vibrations at different branches when vibrating at high
frequencies. The high-frequency vibrations in sympodial branching reflect the better overall vibration
of the canopy. The damping coefficients for the two crown types decreased with the increase in
frequency. The monopodial branching damping coefficient was 0.0148–0.0298, and the sympodial
branching damping coefficient was slightly smaller at 0.0139–0.0248. Based on the test results,
the sympodial branching ginkgo tree has better vibration characteristics. The results indicate that
controlling the crown structure of fruit trees to be sympodial branching by pruning may help improve
the overall vibration characteristics of fruit trees.

Keywords: natural frequency; model simulation analysis; damping coefficient; vibration harvest

1. Introduction

Ginkgo biloba is an important economic crop in China and is widely used in the food
and medical industries for its rich medicinal value and nutrition [1–5]. Given its rising
popularity in recent years, China’s ginkgo industry has reached 1.2 billion hectares in
the planting area and accounts for 90% of world production [6–8]. However, much of
the industry’s primary harvesting method remains labor-intensive and time-consuming,
with production costs accounting for 35% to 45% in the entire production process [9].
Developing an efficient and economical harvesting techniques is therefore critical in order
to maintain the ginkgo industry’s development in an economically sustainable way.

Previous studies have shown that mechanical harvesting based on resonance-vibration
technology is an efficient technique that can improve harvesting efficiency and reduce

Forests 2021, 12, 366. https://doi.org/10.3390/f12030366 https://www.mdpi.com/journal/forests

https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://doi.org/10.3390/f12030366
https://doi.org/10.3390/f12030366
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/f12030366
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f12030366?type=check_update&version=2


Forests 2021, 12, 366 2 of 16

costs [10–12]. At present, the primary research focus has been on the effect of the vibra-
tion method and vibration parameters on fruit drop rate and fruit damage rate [13–18].
Research has shown that the crown structure of fruit trees is a major factor affecting fruit
harvesting [19–21]. A suitable crown structure is conducive to vibration of the tree during
mechanical harvesting, which improves harvesting efficiency. Castro-Garcia et al. [22,23]
studied the impact of the vibration position on harvest efficiency during the vibration
harvest. The study found that the olives located at the top, outside of the canopy, accounted
for more than 60% of the entire harvest. However, the olives from the inside and the bottom
of the canopy had small size, low economic value, and low oil content, and were difficult
to harvest. The study suggests that modifying the structure of the fruit tree to suit the
harvesting machine by pruning would increase yield. Shamshiri et al. [24] studied vibration
harvesting of citrus. Their results showed that the branch vibration harvesting technique
in the form of direct movement of the branches is the most effective citrus harvesting
method. The results of the field citrus harvest experiment showed the vibration recovery
rate was as high as 90%. However, they suggested that the crown structure of fruit trees
should be considered to adapt to the working method of harvesting machinery to improve
harvest efficiency. Xu et al. [25–27] conducted a number of studies on the vibration of fruit
trees. In the indoor vibration tests of ginkgo trees, the natural vibration characteristics and
forced vibration response were found to be consistent at some frequencies when comparing
the vibration spectrum curve of fruit trees and the vibration response. Their studies also
found fruit trees with different crown structures had different forced vibration response.
However, many researchers mainly studied the vibration characteristics of one type of
crown, and did not compare different crown structures at the same time. Research on the
vibration characteristics of fruit trees with different crown structures was insufficient.

Vibration harvesting based on the resonance method can cause the overall response of
the fruit tree to achieve the effect of vibration harvesting. The selection of vibration har-
vesting frequency requires further research on the natural frequency of fruit trees. He [28]
proposed a method to effectively obtain natural frequencies through sweep frequency
experiments. The results show that the identified frequency can be regarded as the optimal
vibration frequency of adaptive vibration. Xuan et al. [29] studied the regulations between
vibration frequency and the tree’s response under external excitation. The acceleration
response of the tree under the excitation of four natural frequencies and four non-natural
frequencies was tested. The results showed that the acceleration response of the ginkgo
tree under natural frequency excitation is greater than the vibration under non-natural
frequency. However, selecting a specific harvesting frequency would be difficult because
there are a large number of natural frequencies obtained by the vibration spectrum. The
fruit tree harvesting frequency requires that the whole fruit tree has a strong response. To
determine the response status of fruit trees, it is necessary to test the vibration model. But
due to the complexity of the tree’s structure, testing the vibration model would be difficult
to achieve using the experimental method.

In recent years, the modal analysis of fruit trees by the finite element method (FEM) has
been used to obtain the vibration characteristics of fruit trees [30,31]. Using laser scanning
technology, Jackson et al. [32] established a finite element model of tree wind vibration
through point cloud data and quantitative structure model. The strain distribution of trees
under wind vibration was obtained through numerical simulation, which was analogical
compared with measured strain. The results suggested that the fruit tree model constructed
by the laser point cloud information was very similar to the actual fruit tree and that
tree vibration can be analyzed using finite element models. Xu et al. [33] proposed a fast
modeling method for fruit trees with spatial 6-degrees of freedom beam elements, which
combines laser scanning with finite element theory. The characteristic of this model is that
it calculates the mass of fruits and leaves per unit length of ginkgo tree branches to obtain
its distribution law, and adds the mass of leaves and fruits to the corresponding unit nodes
to make the model more accurate. Wang Dong et al. [34] constructed three finite element
models for cherry trees with different crown shapes. They found that different tree types
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are suitable for different excitation methods, which, to some extent, shows the effect of
crown structure on the vibration characteristics of fruit trees.

There may be more than one harvesting frequency suitable for a fruit tree [26,28],
which can be further selected according to the different damping characteristics. The damp-
ing of the fruit tree is the energy dissipation capacity for external excitation, such as wind
vibration excitation and mechanical excitation. Studies on traditional damping have mainly
focused on the tree’s wind resistance [35]. However, research on the damping changes of
fruit trees with frequency has been insufficient. If the fruit tree’s damping coefficient has a
certain regulation, the frequency range with smaller damping characteristics of the fruit
tree can be selected, which may help improve the harvest efficiency. Natural frequency,
model, and damping coefficient are the main factors that reflect the vibration characteristics
of fruit trees. Studies on the three would be helpful in the development and progress of
vibration harvesting technology.

The study explored the influence of the crown structure of fruit trees on vibration
characteristics. Knowing the vibration characteristics of fruit trees with different crown
structures can help stakeholders determine and select tree structures more conducive to
vibration harvesting. The finite element calculation method was used to explore the differ-
ent crown-shaped ginkgo vibration models showing the vibration magnitude at different
branches. The changing trend of the damping coefficient was also studied to determine
suitable frequencies with minimal damping. Less damping would mean stronger fruit
tree vibrations and less mechanical energy dissipation. The conclusions and recommenda-
tions of this study can be used as reference to further improve the efficiency of vibration
harvesting in fruit trees.

2. Materials and Methods
2.1. Test Tree

The shape of fruit trees can be divided into two main groups: the monopodial branch-
ing and sympodial branching. Under a natural growth environment, ginkgo is mainly
a monopodial branching fruit tree. In this study, we first surveyed the Nanjing Forestry
University (32.1◦ N, 118.8◦ E, Nanjing, China) to examine the available tree stock. The
273 ginkgo trees surveyed were divided into two categories: natural growth without artifi-
cial pruning and artificial construction. The survey results showed that almost all ginkgo
trees in their natural growth state have monopodial branching (Figure 1a), while approxi-
mately 90% of artificially constructed ginkgo trees have Y-shaped sympodial branching
(Figure 1b). This means monopodial and Y-shaped sympodial branching types are repre-
sentative ginkgo tree crown structures. In this study, we selected two typical structures,
the monopodial branching and the Y-shaped sympodial branching structures, to study the
vibration characteristics of ginkgo trees with different canopy structure.

Considering potential factors affecting the vibration characteristics of the tree, testing
trees had to be selected with similar age, similar size, and growing up in the same envi-
ronment. After excluding other vibration-affecting factors, the differences in the vibration
characteristics of the sample trees can be assumed to be almost caused by the difference of
crown structure. Three monopodial branching trees (sample 1, sample 2, sample 3) and
three Y-shaped sympodial branching trees (sample 4, sample 5, sample 6) were selected. A
total of six ginkgo trees were tested in the laboratory with the ginkgo trees clamped on the
ground by using a vise firmly fixed. The test period was in January 2019, and the entire
test was completed within one day after the fruit trees were cut.
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Figure 2. Test objects with (a) one of the three monopodial branching testing trees, (b) one of the 

three Y-shaped sympodial branching testing trees. 

Figure 1. Branching type of trees with the (a) monopodial branching and (b) sympodial branching.

When executing vibration tests in fruit trees, the sensor must be properly positioned
on both the branches and the trunk to obtain more tree vibration characteristics. In this
study, four sensor points were arranged on each test tree. In each of the six trunks, a
point was selected and was labeled as Point A. For monopodial branching trees, four main
branches were marked Points B, C, D, and E (Figure 2a). For Y-shaped sympodial branching
trees, two in each of the Y-shaped branches were selected and marked as Points B1, B2, C1,
and C2 (Figure 2b).
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three Y-shaped sympodial branching testing trees.

2.2. Tree Parameters

In order to describe the size of the test fruit tree more accurately, the experiment’s
coordinate system had to be first established. The Z-axis lies along the direction of the
main trunk growth, while the X-Y plane is perpendicular to the Z-axis. Suppose that the
branches of the ginkgo tree have an ideal circular cross-section. The size of the trees and the
diameter parameter of the measuring points were measured and tabulated, as summarized
in Tables 1 and 2.
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Table 1. Monopodial branching tree parameters.

Sample
Number

Height of
Tree/mm

Width of
Crown/mm

Trunk
Diameter/mm

Number of
Mean Segments

Point Diameter/mm

A B C D E

Tree 1 2362 1523 45.1 9 40.3 13.4 16.6 9.9 9.1
Tree 2 2236 1435 43.5 8 37.3 16.2 11.5 10.8 8.9
Tree 3 2281 1682 51.4 6 42.6 19.3 17.5 12.6 14.2

Table 2. Sympodial branching tree parameters.

Sample
Number

Height of
Tree/mm

Width of
Crown/mm

Trunk
Diameter/mm

Number of
Mean Segments

Point Diameter/mm

A B C D E

Tree 4 2463 2127 49.8 2 41.2 36.2 34.5 24.6 21.8
Tree 5 2416 2321 46.7 2 38.6 30.2 28.5 29.3 27.2
Tree 6 2385 2265 51.6 2 45.3 34.4 32.3 30.3 28.6

2.3. Vibration Characteristic Test Method

The transient excitation method employs a pulse force using a force hammer and
measures the impulse response of the measured object to obtain the spectrum function. For
trees, the vibration spectral characteristics can generally be obtained with an excitation
pulse, and the signals are then detected using multiple acceleration sensors [36]. However,
this approach has two major disadvantages. First, for branches with less stiffness (i.e.,
rigidity), the additional weight of the sensor would affect the accuracy of the spectral
testing results. Second, the sensor has to be moved to different positions, which results
in an inefficient system. In order to overcome these shortcomings, the methodology was
modified based on the Maxwell dissimilarity assumption.

As per the Maxwell dissimilarity hypothesis, the point k response caused by the
excitation at j is equal to the point j response caused by the excitation at k (as shown in
Figure 3). The transfer function satisfies Hk

j = H j
k.
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In the experiment, a triple-axis acceleration sensor was affixed at point A. Each
measuring point was tapped to determine the transfer function, and the results were
used to obtain the resonance frequency for the tree. The test devices included an impact
hammer (LC-02A, Jiangsu Sinocera Piezotronics Inc., Yangzhou, China), four triple-axis
accelerometers (CA-YD-141, Jiangsu Sinocera Piezotronics Inc., Yangzhou, China), two
charge amplifiers (YE5853A, Jiangsu Sinocera Piezotronics Inc., Yangzhou, China), three
data acquisition units (NI cDAQ-9174, the National Instrument Co., Ltd., Austin, TX, USA),
and analysis software (CRAS V7.1, The First Test Software Engineering, Co., Ltd., Nanjing,
China). The XYZ direction of the triple-axis accelerometer installation was made consistent
with the XYZ coordinate system. The direction of the hammer strike was always the same
as the X-direction of the coordinate system.
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2.4. Modal Parameter Identification Method

According to the theory of mechanical vibration, assuming that the tree is a multide-
gree of freedom system with viscous damping, the modal frequency response function of
the tree can be expressed as:

H(ω) =
n

∑
i=1

ϕi ϕ
T
i

ki − ω2mi + jωci
(1)

where ωi is the i-th mode shape, rad; mi is the i-th modal quality, Kg; kiki is the i-th modal
stiffness, N/m; and, ci is the i-th mode viscous proportional damping coefficient.

When the excitation frequency ω is near a certain modal frequency ωi, the modal
mode plays a leading role, and the frequency response function values of the other modes
have little effect on the tree response at this time. Equation (1) can be simplified to:

H(ω) =
ϕi ϕ

T
i

ki − ω2mi + jωci
(2)

Equation (2) can then be decomposed into an expression composed of real and vir-
tual parts:

H(ω) = HR(ω) + jH I(ω) (3)

The real and virtual frequency characteristic curves corresponding to a certain modal
frequency are shown in Figure 4.
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The real and imaginary frequency diagrams can then be used to confirm the modal
frequency and the damping ratio. The modal frequency ωi is determined by the frequency
corresponding to the high amplitude in the real frequency characteristic curve (Figure 4a),
or the frequency corresponding to the lowest (valley) value in the imaginary frequency
characteristic curve (Figure 4b). The damping ratio can be determined by the half-power
bandwidth ∆ωi. The i-th order damping ratio coefficient ζi can be calculated from the
imaginary frequency characteristic curve:

ζi =
∆ωi
2ωi

=
ωBi − ωAi

2ωi
(4)
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In the evaluation of the frequency response function, the signal in the Y-direction
consistent with the impact force was selected for analysis. The reasons for the selection
are as follows: (1) As long as the excitation point has enough energy to excite, the impact
would be able to completely agitate the various modes in the system. In this study, the
hammer was swung along the X-direction, and the excitation energy is largest in this
direction. The corresponding acceleration response at the X-direction is also the strongest.
(2) In a previous study, no significant difference was found in the natural frequencies of two
orthogonal directions along the vertical plane of the tree trunk growth direction [37]. (3) A
preliminary test using the pull–release method was conducted to examine the fundamental
frequency and damping coefficient in the X- and Y-directions. The results showed the
fundamental frequency was consistent, and the difference in the damping coefficients did
not exceed 5% between the X- and Y-directions.

2.5. Model Reconstruction Method

In this study, two-dimensional Lidar was used to scan each tree and obtain the skeleton
point cloud data. The test devices (Figure 5) included a laser scanner (UTM-30LX), a 2.5 m
slide guide (FLS40L100010C7), a stepper motor and a stepper motor driver, a programmable
automation controller, a 24 V DC power supply, and Visual Studio software (Visual Studio
2018, Microsoft Corporation, Redmond, DC, USA). The laser scanning method was used for
generating the three-dimensional solid model of the experimental tree [33]. This method
connects two adjacent topological skeleton points by a 6-degree-of-freedom space beam
element. The skeleton points of the tree were extracted from the laser-scanning point
cloud. In order to improve the calculation accuracy, the model construction procedure
was modified.
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Under the assumption that the branch section is circular, the diameter of each branch
was measured by vernier calipers. The extracted space skeleton points were used to
generate the tree’s 3D skeleton lines in Pro-E [34]. Using the 3D skeleton lines as guide
curve and the measured branch diameter for the thickness of the circular cross-section, the
tree models were drawn using the sweep function in Pro-E. As shown in Figure 4, some
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branches were not reconstructed in the generated 3D models because their diameters were
very thin (less than 10 mm). Since constructing a three-dimensional model is laborious, only
one tree for each tree type was reconstructed for simulation analysis. The two reconstructed
tree models generated in Pro-E are shown in Figure 6.
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2.6. Finite Element Models

ANSYS software (ANSYS 19.0, ANSYS, Inc., Canonsburg, PA, USA) was used to
simulate the tree’s natural frequencies. In order to build the finite element model, the
geometries created in Pro-E were imported into ANSYS and meshed using 185 solid-type
elements. The orthotropic features of wood were neglected to reduce the complexity of the
tree system [38]. The values of ginkgo wood density (ρ), elasticity (E), and Poisson’s ratio
(µ) were taken from previous studies [33]. The anchoring effect of the roots in fruit trees
cannot be ignored, particularly the soil and roots’ dissipated vibration energy. However,
the natural frequency of fruit trees is mainly influenced by the quality and stiffness of the
branches. In contrast, damping has little effect on the natural frequency. In this study,
fixed-end boundary conditions were applied to the bottom of the tree, which are consistent
with the actual experimental boundary conditions [39]. Table 3 provides a summary of the
simulation material properties applied in this study.

Table 3. Simulation material properties.

Property Name Density (kg/m3) Young’s Modulus (MPa) Poisson Ratio Shear Modulus (MPa)

Calculated value 1250 4713.9 0.3 1813

3. Results and Discussion
3.1. Frequency Spectrum Characteristics
3.1.1. Monopodial Branching

After filtering the accelerometer signal at the measuring point of the tree and per-
forming Fourier transformation, the vibration spectrum curve of the test ginkgo tree was
obtained. The spectral characteristics for the different tapping positions on the branches
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of the monopodial tree are shown in Figure 7. Judging from the generated vibration spec-
trum curve, since different side branches of the same fruit tree did not have exactly the
same vibration characteristics, producing a strong vibration response for the monopodial
branching fruit tree would be difficult under the excitation of a single frequency. This point
is consistent with the conclusions of numerous researchers. To make the fruit tree produce
a strong vibration response, a non-single-frequency excitation would have to be applied.
He [28] adopted sweeping frequency excitation for vibration harvesting; San [40] adopted
a double eccentric block vibration device with phase difference.
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Multifrequency excitation can cause strong vibrations in fruit trees. However, mechan-
ical excitation bandwidth is limited, and the actual excitation range needs to be determined
before the fruit tree is excited. Therefore, some consistent frequencies for monopodial trees
has to be determined from the different vibration characteristics of different side branches.
The fundamental frequencies for Samples 1, 2, and 3 were 3.6 Hz, 4.6 Hz, and 3.4 Hz,
respectively, all below 5 Hz. The base frequency for fruit trees is much smaller than for
metal components due to their soft wood material. Between 10 and 20 Hz, there was a
significant acceleration peak in the vibration spectrum of the three ginkgo trees. This peak
was around 15 Hz, which is about 3 to 4 times the base frequency. Note that there were
no other acceleration peaks in the spectrum curve between 10 and 20 Hz. According to
De Langre [41], the low and concentrated natural frequencies are due to the stiffness and
the flexibility of slender branches. The experimental results also show that the ginkgo tree
vibration spectrum has many acceleration peaks, even if the vast majority of acceleration
peaks do not have high amplitude.

In all three test samples, there was a natural frequency with high acceleration ampli-
tude near 25 Hz. Within 0 to 50 Hz, the maximum frequency of the acceleration amplitude
for the entire spectrum curve occurs after 30 Hz. Acceleration amplitudes at this typical
frequency were significantly higher than the acceleration amplitudes at other frequencies,
which means they can easily be identified throughout the spectrum curve. The maximum
acceleration in the three sample trees was above 30 Hz, indicating that the vibration fre-
quency most likely to cause the fruit tree to vibrate strongly is greater than 30 Hz. However,
high-frequency vibration can easily cause bark damage, and should therefore be avoided.
The two frequencies with significant acceleration amplitudes can be found within 10 to
25 Hz.

Overall, the vibration spectrum difference between the different measuring points
of the monopodial branching tree is easily recognizable. Ginkgo trees have many natural
frequencies within 0 to 50 Hz, but the number of natural frequencies with significant
acceleration amplitudes is about 4 to 5. The monopodial branching ginkgo tree had an
inherent frequency with a high acceleration amplitude after 30 Hz, indicating that the
optimal vibration frequency for monopodial branches is above 30 Hz. In the general
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vibration range between 10 and 25 Hz, one or two distinct natural frequencies can be used
to make the tree respond heavily.

3.1.2. Y-Shaped Sympodial Branching

As shown in Figure 8, there is a significant difference in the vibration spectrum curve
of the Y-shaped sympodial branching tree and the monopodial branching tree. The number
of natural frequencies in Y-type sympodial branching trees within 0 to 50 Hz is relatively
small. The natural frequency acceleration amplitude is high. Also, the consistency of
the natural frequency of the spectrum curve for different measuring points of the same
tree is high. The fundamental frequencies of the three Y-shaped fruit trees were 2.3 Hz,
1.3 Hz, and 2.6 Hz. For both Y-shaped sympodial and monopodial branching trees, the
fundamental frequencies are both below 5 Hz, which suggests that the crown structure has
little effect on the tree’s fundamental frequency. The fundamental frequency of fruit trees
may be related mainly to the biological morphology and wood characteristics.
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For the Y-shaped ginkgo trees, the acceleration amplitudes around 10 Hz in the
vibration spectrum curve were all high. Trees 4 and 6 had acceleration peaks near 13 Hz,
while Tree 5 did not. The results show there was a natural frequency found in all three
Y-shaped ginkgo trees at around 10 Hz. Around 25 Hz, the three Y-shaped test samples
showed the largest acceleration amplitude in the 0–50 Hz spectrum curve. The peak
frequencies were 23.7 Hz, 26.4 Hz, 27.8 Hz. Near 50 Hz, there was the last vibration
frequency with a significant acceleration amplitude. However, the consistency of the
acceleration amplitude of each measuring point around 50 Hz was low, and there were
some points where the acceleration amplitude was not high at this frequency.

In general, the regularity of the vibration spectrum curve for Y-shaped fruit trees is
very clear. In the 50 Hz range, there were about five resonance frequencies. The acceleration
amplitude was high at the resonance frequency and low at the nonresonant frequency.
Below the maximum acceleration amplitude, the vibration spectrum curve for each mea-
suring point was consistent, decreasing only in the range of 30 Hz~50 Hz. This means
that based on vibration characteristics and resonance frequency between measuring points,
Y-shaped ginkgo trees have much better vibration characteristics than monopodial ginkgo
trees. Based on the frequency spectrum vibration test results, the vibration characteristics
of the Y-shaped ginkgo trees are more likely to cause an overall strong response, having
very consistent resonance frequency at different positions. According to the adaptability of
organisms to the environment, trees avoid resonance in the natural environment to protect
their branches from breaking. The structure of branches and leaves can also dissipate exter-
nal excitation energy, such as wind vibration. However, the branch structure of artificially
constructed Y-shaped ginkgo trees is much simpler than naturally growing ginkgo trees.
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This simple branching structure results in more consistent overall vibration characteristics
and is more suitable for mechanical vibration harvesting.

3.2. Simulation Analysis

The modal analysis module in ANSYS was used to calculate the natural frequencies
of the sample fruit trees. From the vibration theory, the natural frequency of bending of
the beam structure in two orthogonal directions, perpendicular to the axial plane, is very
close because the cross-section is a standard circle. So, the natural frequency exhibited
a pattern where two adjacent orders were consistent and appeared in pairs, in the finite
element calculation results. This study selects the natural frequency in the X-direction in
the simulation results as the final calculation result, because this direction is consistent
with the experimental excitation direction. There would be a disparity between the first
calculation and actual measurements, due to differences between the model and the actual
fruit tree, and between the simulation setting and the actual tree conditions. To improve
the accuracy of the calculation results, we used the method proposed by Sellier [33] to
adjust the fruit tree calculation model. The comparison between the adjusted calculation
results of the natural frequency and the test results is shown in Table 4.

Table 4. Comparison of natural frequency between simulation and test.

Monopodial Branching Y-Shaped Sympodial Branching

Simulation/Hz Measure/Hz Relative Error Simulation/Hz Measure/Hz Relative Error

3.5 3.6 2.8% 2.3 2.3 0%
15.7 15.9 1.6% 10.1 10.1 0%
27.2 27.3 0.4% 11.7 13.1 10.7%
33.4 34.2 2.3% 24.5 23.7 3.4%
37.7 38.6 2.3% 48.4 47.0 3.0%

Only the frequencies where the test results are close to the finite element results are
listed in the table. The number of natural frequencies calculated by finite element is much
greater than the number actually measured; many frequencies with small acceleration
amplitudes can be found in the test results and were not selected. Many branch vibrations
at the far end of the canopy are nonlinear with low energy, and determining the natural
frequency of these vibrations would be difficult. The linear finite element calculation model
of tree vibration is different from the actual tree shape and growth environment. This could
explain why the number of measurement results is less than the number of finite element
calculations. The natural frequencies obtained from the calculations but not present in
actual measurements are mainly concentrated in the low-frequency spectrum (i.e., below
15 Hz). This is most likely due to the large number of natural frequencies concentrated
in the low-frequency region. Many natural frequencies with low acceleration amplitudes
in the spectrum curve are difficult to distinguish, especially when there are many natural
frequencies in a very narrow frequency range.

Under the existing finite element model, the maximum relative error of the natural
frequency calculation of the ginkgo tree vibration model was 10.7%, and the median relative
error was 2.3%. The finite element model can be used to calculate the natural frequency
with high accuracy. According to the simulation models, the response configurations vary
for different crown type branches at different natural frequencies. In the vibration model
of the monopodial branching tree (shown in Figure 9), all side branches vibrated slightly
under the excitation of the main trunk at 3.5 Hz. When the natural frequency was increased,
the maximum vibration position appeared on the branches, and based on the mode shape,
not all branches produced a large vibration response at the same time. In the two modes
with high frequency, the maximum vibration position appeared at the end of the branches.
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Judging from the vibration shape in the Y-shaped sympodial branching in Figure 9,
the maximum vibration was found at the end of the right branch. The Y-shaped tree did not
show a heavy vibration at the fundamental frequency, unlike in the monopodial branching
tree. This may be because the main trunk of the Y-shaped ginkgo tree was shorter, and had
smaller influence on the vibrations. This vibration mode is different from the monopodial
ginkgo tree, where the tree swings as a whole at the fundamental frequency. When the
frequency was increased, the maximum vibration appeared at the end of a second branch.
Compared with the branches of the monopodial ginkgo tree, the vibration in the two
Y-shaped branches was also more powerful.

Based on the simulation results, the vibration model constructed by laser scanning
was more similar to the real tree. The vibration mode calculated by the finite element
method can be used to further characterize the tree’s vibration characteristics. For the
monopodial branching tree, there appeared a heavy vibration at the fundamental frequency,
but the vibration at high frequency was mainly the local vibration at each branch. The
vibration for Y-shaped sympodial branching was mainly concentrated on the two branches,
and the maximum displacement occurred at the end of the secondary branches at high
frequencies. At high frequencies, the overall vibration in Y-shaped ginkgo trees was better
than in monopodial branching.

The finite element method was then used to calculate the natural frequency. Although
some differences may be found between simulated and measured results, the simulation
results are able to reflect the test results to a certain extent. Based on the relative error of
the calculation results, the accuracy of the entity model constructed using laser scanning
was higher compared to manual measurement and reconstruction. The model diagram
obtained by simulation can more intuitively reflect the vibration state of the fruit tree.
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Combining the natural frequency analysis with the vibration model diagram provides
better characterization and analysis of the vibrations at different natural frequencies, and
field vibration harvesting frequency.

3.3. Damping Coefficient

Damping is an important structural dynamic characteristic that represents the dis-
sipative effect of structure on energy. For vibration harvesting, small damping means
less external excitation energy dissipation and helps improve the efficiency of vibration
harvesting. There have been many studies on the damping characteristics of trees, but
the trend of damping with frequency has not been considered. Studying the relationship
between damping and frequency of trees can help select the vibration frequency with small
damping, that would reduce energy consumption during vibration recovery. The damping
ratio coefficient can be calculated by the method mentioned in 2.4. This study analyzed the
numerical magnitude and change law of the damping coefficient for multiorder natural
frequencies of ginkgo trees with different crown structures. The mean of the calculated
damping coefficients at different measuring points under the same frequency was used as
the damping coefficient for the frequency. The damping coefficient test results are shown
in Figure 10.

Forests 2021, 12, 366 14 of 17 
 

 

  
(a) (b) 

Figure 10. Modal damping coefficient with the (a) monopodial branching and (b) Y-shaped sympodial branching. 

The modal damping coefficients for the different orders of the spectrum curves in 

each measurement point of the monopodial branching tree are presented in Figure 10a. 

The damping coefficients of the three test sample trees decreased as the natural frequency 

increased. There was little difference between the damping coefficients for test ginkgo 

trees with similar natural frequencies. The monopodial branching damping coefficient 

was 0.0148–0.0298. The fundamental frequency damping coefficients were between 0.025 

and 0.03, and gradually decreased to around 0.015 as the frequency was increased. This 

means that when trees vibrate at higher frequencies, the damping is small, and the energy 

dissipation is weak. The standard deviation of the fundamental frequency damping 

coefficient was between 0.00642 and 0.00741, indicating that the damping coefficients at 

different test positions are comparatively different. The fundamental frequency damping 

coefficient of the main stem was greater than the coefficient of the side branches since 

damping is positively correlated with branch diameter. Since the trunk diameter is 

significantly larger than the side branches, the fundamental frequency damping in the 

trunk is greater than in the side branches. However, as the frequency increases, the 

damping coefficients at different measuring points tend to be similar because the error 

band is reduced. A smaller error band means that the damping at the main trunk 

decreases more rapidly as the natural frequency increases, compared to the decrease in 

the side branch damping coefficient. Above 30 Hz, the damping coefficients were 38.9–

50.3% lower than the fundamental frequency and the standard deviation was 47.6–66.3% 

lower than the fundamental frequency. Within the general excitation frequency of 10–25 

Hz, the damping coefficient also dropped by 18.8–38.7% and the standard deviation 

dropped by 8.3–39.9%. These results suggest that using an appropriate frequency to excite 

monopodial branching ginkgo trees can reduce energy dissipation in excitation. 

The modal damping coefficients for the different orders of the spectrum curves in 

each measurement point of the Y-shaped sympodial branching tree are presented in 

Figure 10b. Similar to monopodial branching trees, the damping coefficients of the Y-

shaped ginkgo tree decreased as the frequency increased. The sympodial branching 

damping coefficient was 0.0139–0.0248. At fundamental frequencies, the damping 

coefficients for the three sample trees were not much different. The damping coefficients 

were between 0.02 and 0.025, smaller than the damping coefficients for monopodial trees. 

The standard deviation of the fundamental frequency damping coefficient was between 

0.00385 and 0.00393. This difference may be due to the irregular branch growth in 

monopodial trees compared with the more regular branch development in Y-shaped trees. 

Irregular growth may cause branches in opposite directions to cancel out energy. Branches 
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The modal damping coefficients for the different orders of the spectrum curves in
each measurement point of the monopodial branching tree are presented in Figure 10a.
The damping coefficients of the three test sample trees decreased as the natural frequency
increased. There was little difference between the damping coefficients for test ginkgo
trees with similar natural frequencies. The monopodial branching damping coefficient was
0.0148–0.0298. The fundamental frequency damping coefficients were between 0.025 and
0.03, and gradually decreased to around 0.015 as the frequency was increased. This means
that when trees vibrate at higher frequencies, the damping is small, and the energy dissipa-
tion is weak. The standard deviation of the fundamental frequency damping coefficient
was between 0.00642 and 0.00741, indicating that the damping coefficients at different test
positions are comparatively different. The fundamental frequency damping coefficient
of the main stem was greater than the coefficient of the side branches since damping is
positively correlated with branch diameter. Since the trunk diameter is significantly larger
than the side branches, the fundamental frequency damping in the trunk is greater than
in the side branches. However, as the frequency increases, the damping coefficients at
different measuring points tend to be similar because the error band is reduced. A smaller
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error band means that the damping at the main trunk decreases more rapidly as the natural
frequency increases, compared to the decrease in the side branch damping coefficient.
Above 30 Hz, the damping coefficients were 38.9–50.3% lower than the fundamental fre-
quency and the standard deviation was 47.6–66.3% lower than the fundamental frequency.
Within the general excitation frequency of 10–25 Hz, the damping coefficient also dropped
by 18.8–38.7% and the standard deviation dropped by 8.3–39.9%. These results suggest that
using an appropriate frequency to excite monopodial branching ginkgo trees can reduce
energy dissipation in excitation.

The modal damping coefficients for the different orders of the spectrum curves in each
measurement point of the Y-shaped sympodial branching tree are presented in Figure 10b.
Similar to monopodial branching trees, the damping coefficients of the Y-shaped ginkgo
tree decreased as the frequency increased. The sympodial branching damping coefficient
was 0.0139–0.0248. At fundamental frequencies, the damping coefficients for the three
sample trees were not much different. The damping coefficients were between 0.02 and
0.025, smaller than the damping coefficients for monopodial trees. The standard deviation
of the fundamental frequency damping coefficient was between 0.00385 and 0.00393. This
difference may be due to the irregular branch growth in monopodial trees compared
with the more regular branch development in Y-shaped trees. Irregular growth may cause
branches in opposite directions to cancel out energy. Branches in monopodial trees also tend
to collide during vibration, which dissipates energy. After 10 Hz, the vibration damping
coefficient in Y-shaped trees dropped to below 0.02, but the minimum damping coefficient
after 40 Hz was only slightly less than 0.015. The error band of the damping coefficient for Y-
shaped trees at different frequencies was smaller than in monopodial branching trees. This
suggests that the vibration characteristics of Y-shaped sympodial trees with simple crown
structures are more consistent. The damping coefficient after 30 Hz was about 36.8–41.9%
lower than the fundamental frequency and the standard deviation was 57.5–63.6% lower
than the fundamental frequency. Within the general excitation frequency of 10–25 Hz, the
damping coefficient also dropped by 15.3–29.8% and the standard deviation dropped by
32.3–52.2%.

In summary, the damping coefficient of ginkgo trees decreases as the natural frequency
increases, regardless of crown structure. This means that for ginkgo trees in general,
properly increasing the vibration frequency helps the tree vibrate more intensely, with
less energy loss. However, the effectiveness and efficacy of vibrating can be significantly
affected by the tree’s crown structure. The damping coefficient in Y-shaped trees is slightly
lower than in monopodial trees. The consistency of the vibration damping coefficients in
Y-shaped crowns at different measuring points is also better than in monopodial branching
trees. These suggest that the vibration characteristics of Y-shaped sympodial ginkgo trees
are better in terms of vibration damping.

4. Conclusions

This study examined the spectral characteristics of ginkgo trees with typical crown
shapes and analyzed the natural frequencies to better understand their vibration char-
acteristics. The natural frequencies at different measuring points of the Y-shaped trees
were found to have good consistency. For monopodial ginkgo trees, the spectrum curve
has a strong natural frequency above 30 Hz, which is the frequency with the maximum
acceleration. The maximum acceleration frequency in Y-branch ginkgo trees can be found at
20–30 Hz, which is within the general excitation range of fruit trees. These findings suggest
that ginkgo trees with Y-shaped crown structures have better vibration characteristics.

The solid finite element model constructed using laser scanning resulted in a maxi-
mum relative error of 10.7% and a median error of 2.3%. For monopodial ginkgo trees, the
overall vibration was better at the fundamental frequency, and the local branch vibration
was generally strong at high frequency vibrations. For Y-shaped ginkgo trees, the two pri-
mary branches vibrated strongly in the model. The overall vibration response of Y-shaped
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ginkgo trees at high frequencies was relatively uniform, and their vibration characteristics
are better than the monopodial trees.

The damping coefficients decreased as the frequency increased, regardless of crown
type. This suggests that high-frequency vibration harvesting could be used to reduce
vibration energy dissipation. The damping coefficient in Y-shaped ginkgo trees was
comparatively smaller than in the monopodial branching. When determining the excitation
frequency to use, selecting the excitation frequency after 20 Hz would be beneficial to the
overall vibration response of the ginkgo tree.

To improve vibration harvesting efficiency, the ginkgo tree’s crown structure can be
controlled during planting. In this study, due to constraints from the size of the indoor test
space, the vibration tests were carried out using medium-sized ginkgo trees. More field
experiments are needed to verify if the conclusions of this study would also be applicable
to large-sized ginkgo trees. In future research, it is necessary to conduct experiments on
the actual response of fruit trees under different frequency excitations to verify the effect
of frequency on vibration harvesting, and through the actual vibration test, explore the
impact of damping characteristics on the actual vibration of fruit trees.
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