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Abstract: Jujube girdling is an important method to improve the yield and quality of jujube fruit.
However, girdling usually causes the tearing of jujube bark, resulting in the slow healing and even
death of jujube trees. These problems directly affect the economic benefits of jujube planting. In this
paper, in order to reveal the tearing mechanism of jujube bark caused by girdling, and provide the
basic mechanical parameters of jujube bark for the research and development of automatic girdling
equipment, the structure and mechanical characteristics of jujube bark were studied through theory
and experimental methods. The results of microscopic observation showed that jujube bark is a
biological composite material mainly composed of the phloem, periderm and epidermis. Furthermore,
a mathematical model-based analysis of the growth stress of jujube bark showed that growth stress
can be regarded as a biaxial stress state, which can promote the longitudinal tearing of jujube bark
during girdling. The tensile test results of jujube bark showed that jujube bark belongs to the category
of anisotropic and biologic material. Its longitudinal and transverse mechanical characteristics are
significantly different. The maximum longitudinal tensile load was in the range of 105.9~293 N, the
longitudinal tensile strength was 16.3 MPa and the elastic modulus was 255.6 MPa. The average
transverse tensile load was only 27.9% of the longitudinal tensile load. The transverse tensile strength
was 3.5 Mpa and its elastic modulus was 724.14 MPa. The transverse cutting test of jujube bark
showed that the average cutting force was 118.2 N and the cutting strength was 9.8 MPa. The results
of this study showed that both the growth stress and the anisotropic natural polymer of jujube bark
have adverse effects on girdling. Subsequently, issues relating to the selection of appropriate girdling
tools and the matters needing attention in the process of the girdling operation were proposed, so as
to guide the correct application of girdling technology. In addition, some suggestions on the research
and development of girdling tools in the future are put forward.

Keywords: jujube girdling; mechanical properties; composite material; growth stress; bark

1. Introduction

Jujube is rich in nutrition, containing extremely high ascorbic acid, a variety of amino
acids, and dozens of mineral elements, sugars, phenols and other nutrients, so it is deeply
loved by consumers [1-3]. The jujube planting area in China accounts for more than 98%
of the total jujube cultivation area in the world, and the jujube planting area in Southern
Xinjiang alone is about 5 x 10° hm? [4]. Jujube planting has become the pillar of the
fruit industry in southern Xinjiang and the main economic source of orchard workers [5].
Although jujube trees produce many flowers in the natural growth state, the flower drop
rate is more than 98% [6]. In order to improve the yield of red jujube, most varieties such
as Hui jujube and winter jujube need to be girdled at the stage of 40% full flowering [7].
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Girdling refers to peeling off a circle of the bark from the phloem to the epidermis without
harming the xylem on the trunk or branch of jujube with a knife, temporarily cutting off
the downward transportation of nutrients in the tree, so as to meet the nutrient needs of
flowering and fruit setting, thereby promoting fruit setting [8]. Practice shows that proper
girdling can not only significantly promote its yield [9-15], but also improve the quality of
jujube fruit, increasing the content of soluble solids, total sugar and Vitamin C in jujube
fruit [16]. However, it is easy to cause jujube bark tear (“Bark tear” means the bark at the
edge of the wound is torn along its fiber direction, that is to say, girdling destroys the bark
around the wound), so the girdling wound cannot heal normally or even the tree die when
it is girdled. The girdling wound that does not heal in time can easily provide spawning
places for pests, resulting in reduced production of fruit trees, and so on. Therefore, it is of
great significance for the sustainable development of the jujube planting industry to find
out the reasons for the tearing of jujube bark in the process of girdling in order to reduce
the adverse effects of girdling.

There are many reasons why the bark of jujube is easy to tear during girdling; for
example, it happens when the epidermis or phloem are not cut off properly because of the
blunt girdling knife or the operator’s use of the wrong operation, and so on. However,
as a typical anisotropic natural polymer material [17-19], how the extremely complex
physical and mechanical characteristics of jujube bark affect the quality of jujube girdling is
unknown. Furthermore, in the natural state, there are numerous longitudinal cracks in the
surface of jujube bark, which are generally believed to be caused by growth stress. Since the
jujube bark is easy to tear along the direction of fiber arrangement in the process of girdling,
the jujube bark growth stress may be one of the reasons for the bark tear in the girdling
process. At present, the research work on the girdling of fruit trees mainly focuses on the
impact of girdling on the fruit yield, quality and the physiological influence of the fruit tree.
However, there are few literature studies on the cause of bark tear during girdling and the
mechanical properties of bark [20-22]. Therefore, it is necessary to research the physical
and mechanical characteristics and growth stress distribution of jujube bark to explore how
they affect jujube girdling, and obtain the relevant mechanical characteristic parameters of
the bark, in order to guide the jujube girdling technology and provide a basis for the design
of girdling machines.

Thus, in this study, the growth stress and mechanical characteristics of jujube bark
were studied. In order to ascertain the composition and structure of jujube bark in order to
provide basic theorical evidence for the study of growth stress, the cross section of jujube
bark was observed by microscope in advance. The cross-section of a jujube trunk was
magnified 200 times and the results are shown in Figure 1a,b. The jujube bark is connected
to the xylem by the phloem and consists mainly of three parts: the phloem, periderm and
outer epidermis. Studies [23,24] have shown that both the xylem and phloem are generated
by cambium cells through cell division and differentiation. In this process, primordial
cells undergo a biomechanical transformation process that causes the cell to change in size
with maturation. According to the literature [23], with new cells continuously attached
to the surface of existing wood materials, this deformation no longer develops freely, but
generates tensile stress along the axial direction and compressive stress in the tangential
direction in the newly grown external wood materials. This kind of stress generated near
the cambium leads to the stress distribution law on the cross section of its trunk, as shown
in Figure 1c. It can be seen from the figure that trees bear compressive stress within 2/3 of
the radius of the cross section. Beyond 2/3 of the radius of the cross section, the tree bears
tensile stress, and the bark at the outermost layer of the cross section bears the maximum
tensile stress.

Based on the above structural characteristics and growth stress properties of jujube
bark, the mechanical model of jujube bark growth stress was constructed. Based on the
growth stress model, the distribution of growth stress in the natural state of jujube bark and
the mechanism of its influence on jujube girdling were theoretically analyzed in this paper.
Furthermore, the longitudinal and transverse tensile tests, and the transverse cutting test



Agriculture 2022, 12, 278

30f13

of jujube bark were carried out, and the anisotropic mechanical parameters of bark were
obtained. The ways in which the anisotropic mechanical properties of jujube bark influence
jujube girdling were analyzed.
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Figure 1. Structure of jujube bark under microscope and distribution law of tree growth stress:
(a) microstructure of jujube trunk in cross-section under microscope; (b) microstructure of jujube bark
in cross-section; (c) distribution law of tree growth stress, “+” represents the tensile stress area and
“—" represents the compressive stress area.

2. Materials and Methods
2.1. Materials

The jujube bark samples were taken from the jujube garden in Alar, Southern Xinjiang,
on 15 June 2021. When the jujube trees were in the optimal girdling period, straight and
healthy jujube trunks were selected from 6 trees to be cut off and brought back to the
laboratory to quickly determine their physical parameters. The measured parameters of
jujube bark are shown in Table 1.

Table 1. Physical parameters of jujube bark.

Number Diameter of Thickness of = Moisture Content Density of
Trunk (mm) Bark (mm) of Bark (%) Bark (g-cm~3)

1 17.68 1.17 55.78 0.69

2 20.82 1.66 54.23 0.65

3 25.32 1.75 61.49 0.82

4 32.51 2.25 55.92 0.71

5 36.22 2.58 57.22 0.78

6 41.12 3.16 53.44 0.61

Average value 28.94 2.09 56.34 0.71
Standard deviation 8.36 0.65 2.60 0.07

The longitudinal tensile test samples were made with the size of 100 mm in length
and 10 mm in width, as shown in Figure 2. The transverse tensile test samples were made
with the size of 20 mm in length and 10 mm in width. The samples used in the transverse
cutting experiment were 50 mm in length and 10 mm in width. In every test, each unique
sample was used three times, and the results were averaged. The length direction of all
samples was consistent with the direction of the bark fiber.

2.2. Methods
2.2.1. Bark Growth Stress Modeling

The structure and shape of bark wrapped on the trunk are complex, but this study
focused on the influence of growth stress on bark, so some fine structures of bark needed
to be ignored to enable convenience in terms of the modeling and analysis of the main
problems [25]. Firstly, the cross section of the bark on the trunk was approximately regarded
as a circle. Secondly, the cross-sectional diameter was different along the height of the tree,
but the change of this cross-section size compared with the tree height was so small that
it could be ignored. Therefore, it was considered that the cross-section diameter of bark
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on the trunk remained unchanged. In addition, jujube bark is a type of biomaterial and
has viscoelastic properties. In order to facilitate modeling and analysis, jujube bark was
regarded as an ideal elastomer. Based on the above assumptions, and the position height
Z of the tree relative to the ground, the xylem diameter D and the corresponding bark
thickness t were taken as direct variables of growth stress, and the mechanical model of
jujube bark growth stress was regarded as a thin-walled elastic cylinder with inner wall
compression (details are shown in Figure 3). As shown in Figure 3a, the pressure caused
by the growth stress in the height direction of the jujube on the thin-walled cylinder was
represented by P, and the pressure caused by the circumferential growth stress of the jujube
was denoted with P(,).

(a) Jujube trunks for making bark samples. (b) Jujube bark samples for longitudinal tensile test.

Figure 2. Longitudinal tensile test samples of jujube bark.

Z

(c) Longitudinal section stress state of jujube  (d) Longitudinal section stress analysis of jujube
bark. bark.

Figure 3. Simplified growth stress model of jujube bark. Note: In Figure (a), Z is the axial ordinate
of jujube, mm; P is the axial growth pressure of jujube bark, MPa; P(,) is the pressure caused by the
circumferential growth stress of jujube bark, MPa; D is the xylem diameter of jujube, mm; t is the
thickness of jujube bark, mm; m-m and n-n are cross sections, and d; is the distance between the two
cross sections, mm. In Figure (b), 1 is the axial growth stress of jujube bark, MPa. In Figure (c), 05 is
the growth stress of the longitudinal section of jujube bark, MPa. In Figure (d), F is the resultant
force of the longitudinal section stress, N; ¢ is the arc angle of the cross section, rad; d, is the arc’s
differential element.
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2.2.2. Tensile Test of Jujube Bark

The WD-D3-7 microcomputer controlled electronic universal testing machine pro-
duced by Shanghai Zhuoji Instrument and Equipment Co., Ltd. (Shanghai, China) was
adopted as the mechanical testing equipment, with a testing force range of 2 kN, as shown
in Figure 4a. The error of the force sensor and displacement sensor of the equipment was
less than £0.5%. In order to prevent the damage of the test materials from the fixture,
both ends of the samples were wrapped with gauze [26-28]. The tensile test consisted of
longitudinal and transverse tensile tests [29]. The loading speed of the test was 10 mm /min.
In order to avoid the error caused by the instability of the initial state of the test, the elastic
modulus was calculated based on the ratio of the increment of the stress to that of the
strain, as shown in Equation (1). The tensile strength of jujube bark was calculated through
Equation (2).

Ac  F,—FK
Ae  bt(e, —€)

where E is the elastic modulus, MPa; Ac is the stress increment, MPa; Ae¢ is the strain
increment; Fy and F,, are the initial load and final load, respectively, N; ¢y and ¢, are the
initial strain and final strain, respectively; b is the width of the sample, mm; ¢ is the thickness
of the sample, mm.

E= )

Fmax
o= 2
br ()
where o is the tensile strength, MPa; Fax is the maximum tension, N; b is the width of the
sample, mm; ¢ is the thickness of the sample, mm.
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Y

(b) (©) (d)

Figure 4. Equipment and platform for mechanical testing of jujube bark: (a) universal testing machine;
(b) front view of the cutting test platform; (c) side view of the cutting test platform; (d) structure
of the cutter blade used for the cutting test. 1. Blade fixture. 2. Cutter blade. 3. Jujube bark.
4. Support platform.

2.2.3. Transverse Cutting Experiment of Jujube Bark

Because the bark of the jujube is cut off in the transverse direction during girdling,
in order to simulate this situation, the transverse cutting method was adopted in this test.
During the test, the outer surface of the jujube bark was on top, and the fiber direction
of jujube bark was perpendicular to the blade. The schematic diagram of the cutting test
platform is shown in Figure 4b,c. Furthermore, the smooth-edge stainless steel blade with
a blade angle of 20°, which is widely used in jujube girdling, was used in this cutting
experiment (Figure 4d).

Equation (3) was used for the calculation of the cutting strength of the jujube bark.

T =

F’rmax
- ®)

where 7 is the shear strength, MPa; Frmax is the maximum shear load, N; A is the shear

area, mm?.
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3. Results and Analysis
3.1. Results of Growth Stress Model Analysis of Jujube Bark

According to Figure 3b, the axial mechanical balance equation of the thin-walled
cylinder, based on the static balance method, is as follows:

2
p-n(?) =0 -n-D-t 4)

The axial growth stress of jujube bark obtained by solving the above equation is shown
in Equation (5). It can be seen that the axial growth stress of jujube bark is related to the
expansion pressure P at the top of the jujube, and the expansion pressure depends on the
growth rate of the jujube. It is also positively correlated with the ratio of xylem diameter D
to bark thickness t. Because the growth rate of xylem is always faster than that of jujube
bark, it can be considered that the thicker the trunk, the greater the axial tensile stress on
the bark. That is, the axial growth stress of jujube bark near the ground is the largest.

_pb

n =" @)

A part of the cylinder was intercepted with two sections (m-m and n-n at a distance of
d;) and a longitudinal plane including the diameter to obtain the part shown in Figure 3c.
According to the stress characteristics of the longitudinal section of jujube bark in Figure 3d,
the mechanical balance Equation (6) could be obtained:

T D
/0 peds - — singdy — 205td; = 0 ©)

By solving the above formula, the longitudinal section stress ¢ of jujube bark was
obtained, as shown in Equation (7). Generally, the circumferential growth rate of the jujube
trunk nearest to the ground is still the largest. According to Equation (7), the stress on
the longitudinal section of jujube bark was also the largest. Therefore, the bark on the
trunk of the jujube close to the ground had the maximum cross-section growth stress and
longitudinal-section growth stress. There were a large number of wide and deep growth
cracks on the bark of jujube near the ground. Therefore, the conclusion of this analysis is
consistent with the actual situation.

P(Z)D
2t

0y = (7)

If the radial stress of jujube bark was ignored, it can be concluded from the above
analysis that the differential element body that was Z away from the ground on jujube bark
was in a biaxial stress state.

3.2. Tensile Test Results of Jujube Bark
3.2.1. Longitudinal Tensile Test Results of Jujube Bark

The results of longitudinal tensile test are shown in Figure 5. It can be seen from
Figure 5a that the maximum load that the jujube bark could bear in different test groups
was significantly different, and the load was in the range of 105.9~293.1 N. However, their
yield load was basically the same, about 70 N. The calculation results showed that the longi-
tudinal tensile strength was 16.3 MPa and the elastic modulus was 255.6 MPa. In addition,
the variation law of the load-displacement curve of each group of tests was consistent. As
shown in Figure 5b (average longitudinal tensile load), each load—displacement curve of
tensile tests can be divided into three stages. From the beginning of the test to point A
was the initial stage, practically the elastic deformation stage, and the load was basically
linearly and positively correlated with the deformation. The second stage from A to B
was a yield process. In this stage, the load changed little with the continuous increase in
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displacement. In the third stage from B to C, jujube bark was strengthened and restored its
ability to resist deformation. The load increased approximately linearly with the increase in
deformation, and the increase rate was greater than that of the first stage until the sample
was pulled apart.
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(a) Longitudinal tensile load—displacement curve.
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(b) Characteristics of longitudinal tensile load curve.

Figure 5. Longitudinal tensile test results: A is approximately the dividing point between elastic
stage and yield stage; B is approximately the dividing point between yield stage and strengthening
stage; C is the point of tensile strength.

In order to observe the concentration, dispersion and distribution of extreme data
of each group of tests, and to analyze the functional relationship between the maximum
longitudinal tensile force of jujube bark and the corresponding diameter, the boxplot and
data fitting line of the maximum tensile force were drawn (Figure 6). It can be seen from
the boxplot (Figure 6a) that the Inter-Quartile Range (IQR) was small and there was no
abnormal value, indicating that the data of each group of tests were relatively centralized.
That is, the mechanical properties of jujube bark along the longitudinal direction were stable
under the same natural state. According to the data fitting line of the maximum tensile
force shown in Figure 6b, the maximum tensile load along the longitudinal direction of
jujube bark was positively correlated with its corresponding trunk diameter. Furthermore,
the determination coefficient R? was 0.929, indicating that the fitted function had a high
degree of fitting to the actual data. The fitting function is shown in Equation (8).

y» = 5.873x, + 17.031 )

where 1, is the tensile force of the jujube bark, mm; x; is the corresponding diameter of the
jujube tree, mm.

300 -
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(a) Boxplot
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(b) Fitting function

Figure 6. Boxplot and fitting function of longitudinal maximum tensile force.
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Transverse tensile force (N)

3.2.2. Transverse Tensile Test Results of Jujube Bark

The transverse tensile test results of jujube bark are shown in Figure 7; these were
significantly different from the results of the longitudinal tensile test. As shown in Figure 7a,
the maximum transverse tensile load was 84.4 N and the minimum was 28.6 N, which
was only 27.9% of the average longitudinal tensile load. The transverse tensile strength
was 3.5 Mpa, and the elastic modulus was 724.14 Mpa, which was about 3.21 times the
longitudinal tensile elastic modulus. It can be seen from Figure 7b (average transverse
tensile load) that from the initial position of the test to point A was the approximate elastic
stage of the transverse tensile load—displacement curve, and its slope was significantly
greater than that of the corresponding stage in the longitudinal tensile test. The second
stage AB was the transverse tensile yield process of the jujube bark, and the yield curves of
different test groups were highly consistent in curve shape. In the third stage (from B to C),
the load continued to rise in an approximate straight line with the deformation until the
jujube bark load reached the transverse tensile limit and was pulled apart.

60

Transverse tensile force (N)

0+——

T T T

T T T
4 5 6 7 0.0 0.5 1.0 15 20 25 3.0 35

Displacement (mm) Displacement (mm)

(a) Transverse tensile load—displacement curve. (b) Characteristics of transverse tensile load—displacement curve.

Figure 7. Transverse tensile test results of jujube bark: A is approximately the dividing point
between elastic stage and yield stage; B is approximately the dividing point between yield stage and
strengthening stage; C is the point of tensile strength.

The boxplot and data fitting line of the maximum tensile force test results of trans-
verse tensile load—displacement were drawn (Figure 8). It can be seen from the boxplot
(Figure 8a) that the IQR was small and there was no abnormal value, indicating that the data
of each group of tests were relatively centralized. That is, the transverse tensile mechanical
properties of jujube bark were stable under the same natural state. According to the data
fitting line of the maximum transverse tensile force shown in Figure 8b, the maximum
tensile load along the transverse direction of jujube bark was positively correlated with its
corresponding trunk diameter. And the determination coefficient R* was 0.988, indicating
that the fitted function had a high degree of fitting to the actual data. The fitting function is
shown in Equation (9).

Y3 = 2.262x3 — 14.662 )

where y; is the tensile force of the jujube bark, mm; x; is the corresponding diameter of the
jujube trunk, mm.

3.3. Transverse Cutting Test Results of Jujube Bark

Figure 9 shows the results of the transverse cutting test of jujube bark, and the average
maximum cutting force was 118.2 N. It can be seen from Figure 9a that the deformation
of the samples during transverse cutting was small. As shown in Figure 9b (average
transverse cutting load), the yield stage (approximately from A to B) was short. When the
cutting force was achieved at point C (the jujube bark strength limit point), the bark was
cut. The average cutting strength of the jujube bark was calculated to be 9.8 MPa.



Agriculture 2022, 12, 278

90f13

Transverse cutting force (N)

180

160

140 4

120

100

80

60 -

404

20

S

Maximum tensile force (N)

100 4

I 1QR 25%-~75%
T Range within 1.5IQR|
—— Median Line
80 - ;
Mean
=
60
40 =
==
204
T T T T T T
17.68 20.82 25.32 32.51 36.22 41.12

Diameter (mm)

(a) Boxplot

804 3,=2.262x-14.662 -
Z .| R=0988 /
3 e
-
£ 60 //
= "'
£ 50 /
g
E L}
S 404 4
£ e
X }/
©
S 30 ~
./
20
T T T T T 1
15 20 25 30 35 40

Diameter (mm)

(b) Fitting function

Figure 8. Boxplot and fitting function of transverse maximum tensile force.
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Figure 9. Results of transverse cutting test: A is approximately regarded as the dividing point
between elastic stage and yield stage; B is approximately regarded as the dividing point between
yield stage and strengthening stage; C is approximately regarded as the point of tensile strength.

where y, is the maximum cutting force, N; x4 is the diameter of the jujube, mm.

The boxplot and data fitting line of the maximum transverse cutting load—displacement
of jujube bark were drawn, as Figure 10 shows. It can be seen from the boxplot (Figure 10a)
that the IQR was small and there was no abnormal value, indicating that the data of each
group of tests were relatively centralized. That is, the mechanical properties of the trans-
verse cutting of jujube bark were stable under the same natural state. According to the data
fitting line (Figure 10b), the maximum transverse cutting load of jujube bark was positively
correlated with its corresponding trunk diameter. Furthermore, the determination coef-
ficient R? was 0.961, indicating that the fitted function had a high degree of fitting to the
actual data. The fitting function is shown in Equation (10).

Yy = 4.178x; — 14.022

(10)
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Figure 10. Boxplot and fitting function of transverse maximum cutting force of jujube bark.

4. Discussion
4.1. Effect of Growth Stress of Jujube Bark on Girdling

The analysis results of the mathematical model of the growth stress of the jujube
bark showed that the growth stress on the differential unit body of the jujube bark can be
regarded as a biaxial stress state, and the growth stress of jujube bark near the ground is
the largest. Therefore, when girdling, if the jujube bark is subjected to tangential cutting
resistance and growth stress 0, which are greater than the transverse tensile strength of
the bark, the jujube bark will be not cut but torn along its fiber direction. If the resultant
force along the bark fiber direction produced by girdling and growth stress ¢ is greater
than the tensile strength of jujube bark, the bark will be pulled apart rather than cut off.
That is to say, this growth stress of jujube bark can promote the breaking and tearing of
bark fibers during girdling. So, this result is consistent with the previous hypothesis made
in the introduction.

In addition, because the trunk near the ground has the largest growth stress, in order
to reduce the adverse impact of growth stress on girdling, girdling of the trunk near the
ground should be avoided as much as possible. Therefore, the primary branch can be
selected to be girdled in order to reduce the bark tearing problem. Furthermore, as the
effect of growth stress on the girdling of jujube was only qualitatively analyzed in this
study, in order to further explore the quantitative influence law of growth stress on the fruit
tree girdling process, more in-depth research on this problem will be needed in the future.

4.2. Effect of Mechanical Properties of Jujube Bark on Girdling

The results of the longitudinal tensile test of jujube bark showed that the maximum
load range was 105.9~293.1 N, the average tensile strength was 16.3 MPa and the elastic
modulus was 255.6 MPa. However, what the transverse tensile test results showed was that
the average transverse tensile load was only 27.9% of that of the longitudinal tensile test.
Therefore, during girdling, jujube bark is more likely to be torn along the fiber direction
rather than cut off, resulting in poor quality of girdling and difficult-to-heal wounds.
Furthermore, the results of transverse cutting load test of the jujube bark showed that
the average cutting force was 118.2 N and the cutting strength was 9.8 MPa. Moreover,
both the tensile and cutting forces of bark were positively correlated with its thickness.
Based on the above research results of jujube bark, attention should be paid to the selection
of appropriate girdling tools and correct girdling operation methods. In order to reduce
the tearing of jujube bark during girdling, appropriate cutting tools should be selected.
Research in the literature [30,31] showed that a blade with a serrated edge can easily cut off
agricultural materials with low power consumption, but it can also easily cause irregular
incisions. In the existing girdling tools, although most fruit farmers use blades with smooth
edges, some farmers still use blades with serrated edges for rapid girdling. During girdling,
blades with smooth edges have a weak ability to pierce the bark, and they also have a weak
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effect on the tearing of the bark. Therefore, blades with serrated edges shall be selected as
much as possible.

In addition, during the girdling operation, if the blade starts to rotate around the
bark without piercing the phloem, the blade will exert greater lateral resistance on the
bark surface; this is not conducive to the quality of girdling. Therefore, first ensure that
the blade penetrates into the phloem, and then slowly rotate the blade for continuous
cutting. Because both the tensile and cutting forces of bark are positively correlated with
its thickness, in order to ensure the quality of girdling, the appropriate force should be
selected according to the size of the tree. Furthermore, in order to promote the healing of
the girdling wound [32,33], the wound should be bandaged with plastic in time. Because
this work is troublesome, only a few fruit farmers undertake this at present. However, in
order to reduce the water loss and the harm of diseases and pests, protect the phloem and
promote its rapid healing; this measure should be widely taken.

Considering the special mechanical properties of jujube bark, we should pay attention
to the research and development of special blades for girdling. Firstly, materials with high
wear resistance and hardness should be selected. For example, 2Cr13 with boronizing and
vanadizing treatment can be used to improve their cutting effects and wear resistance [34].
Secondly, for the blade’s structural design, we should try to reduce the blade angle, increase
the cutting angle, and then reduce the cutting resistance [35]. Besides, the bionic principle
can be used to optimize the structure and function of the blade, and reduce the adhesion
of debris to the blade to improve the cutting effect [36]. Finally, due to the irregular cross-
sectional shape of the trunk, it is easy for part of the bark to not be cut or part of the xylem
to be removed when girdling, which affects the girdling quality. Therefore, in order to
make the girdling knife cut the phloem smoothly without damaging the xylem, the girdling
device should be designed with a profile function.

5. Conclusions

In the present study, aimed at the hypothesis that the physical and mechanical charac-
teristics and growth stress distribution of jujube bark have adverse effects on the jujube
girdling, and to find out how they affect the tearing of jujube bark in girdling process, the
mechanical characteristics of jujube bark were tested and the growth stress model was built.
The analysis results of the mechanical model of the growth stress of jujube bark showed
that growth stress can promote the breaking and tearing of bark fibers during girdling.
Furthermore the mechanical test results indicated that the transverse tensile load is much
smaller than the longitudinal tensile force. In other words, during girdling, jujube bark is
more likely to be torn along the fiber direction rather than cut off. So, we can conclude that
both the growth stress and the anisotropic natural polymer of jujube bark have adverse
effects on girdling. To the best of our knowledge, this is the first time that the effects
of growth stress and the mechanical characteristics of jujube bark on the jujube girdling
process were researched. Subsequently, the selection of the appropriate girdling tool and
the matters that required attention in the process of the girdling operation were discussed,
so as to guide the correct application of girdling technology. In addition, some suggestions
on the research and development of girdling tools in the future were put forward.
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