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A B S T R A C T  A R T I C L E I N F O 
The biomechanical properties of jujube branches constitute fundamental 
parameters for evaluating cutting performance of pruning machinery and 
optimizing the wedge angle of cutting tools. To investigate how microstruc-
tural heterogeneity across different branch regions influences cutting behav-
ior, we integrated X-ray CT imaging with nanoindentation testing. Repre-
sentative volume elements (RVEs) were constructed from experimentally 
resolved microstructures to enable multiscale finite element modeling of the 
pruning process, thereby revealing microscale mechanisms governing cutting 
resistance. Microstructural characteristics—including porosity, cell wall 
thickness, and water content—were quantified across five positions along the 
branch, and their effects on the homogenized (equivalent) shear modulus 
were systematically evaluated. Results show that both increasing porosity 
and elevated water content significantly reduce the equivalent shear modulus, 
with porosity exhibiting a markedly stronger attenuating effect. Crucially, the 
recommended wedge angle is governed primarily by the ratio of longitudinal-
to-transverse shear modulus; based on mechanical sensitivity analysis, the 
recommended design angle is α = 21.75°. This study provides a biomechanical 
basis for the rational design and performance optimization of specialized 
pruning tools for jujube trees. 
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1. Introduction 
Chinese jujube (Ziziphus jujuba Mill) is a type of deciduous tree of the buckthorn family with 
origins in China. Jujube production in Xinjiang, the largest jujube production area in China, ex-
ceeded 560,000 tons in 2024. Trimming and shaking operations during orchard production are 
important aspects for tree management and improving jujube yield. Microstructures largely de-
termine the mechanical properties of jujube branches and affect trimming and shaking machine 
operations, such as cutting energy consumption and cutting angle. A comprehensive under-
standing of the internal relationship between microstructure and mechanical properties of ju-
jube branches is of great significance for selecting a suitable pruning position and cutting wedge 
angle, and improving the working performance of pruning machinery. In response to the above 
issues, the main work of this paper is as follows: 
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• The micro-mechanical properties of the cell walls of jujube branches were studied by 
pressing a nanoindenter into the sample surface. Industrial CT was used for X-ray scan-
ning to reconstruct a microstructural visualization model. Based on the binary image re-
sults, quantitative analysis methods were employed to obtain the characteristics of differ-
ent microscopic components. 

• Based on the results of micro-mechanical analysis and the reconstructed microscopic 
structure, the constraint equations of the representative volume element under uniaxial 
compression and shear displacement loads were established to analyze the multi-scale 
mechanical properties of the microscopic structure. Finite element analysis was conducted 
using Abaqus, and the recommended pruning position and cutting wedge angle were de-
termined from the analysis results. 

2. Related work 
Jujube trees are an important economic crop in Xinjiang, China. Promoting the mechanization 
and intelligence of jujube tree planting is of great significance in terms of improving production 
efficiency, reducing costs, enhancing quality, and promoting the sustainable development of the 
industry. Most of the related research focuses on machine vision technology and covers all 
growth stages of jujube trees. During the harvesting stage, Zheng et al. designed a visual percep-
tion system for the trunk and branches of jujube trees, including trunk and branch detection, 
skeleton extraction, and confirmation of the grasping and shaking areas. This system can identi-
fy an unobstructed area for grasping and shaking and guide the mechanical arm to reach this 
area to complete the harvesting operation. Considering the complex orchard environment and 
numerous interfering factors, a low-cost vision system based on convolutional neural networks 
and machine learning algorithms was proposed to obtain an accurate navigation path for the 
grasping and shaking harvesting robot in the winter jujube orchard [1-2]. Path planning and 
obstacle avoidance are also key components of autonomous mobile robot navigation in complex 
environments [3]. Hu et al. noted that if the vibration frequency is too high, it will cause damage 
to jujube trees, and if it is too low, it will be impossible to separate the fruit from the fruit stalks, 
leading to a failed harvest. They used the finite element method and vibration tests to find the 
optimal vibration parameters. To enhance the accuracy of the finite element method, they con-
ducted modal analysis to determine the natural frequency of the jujube tree and applied transi-
ent analysis to study the vibration transmission characteristics [4]. Zheng et al. addressed the 
lack of precise three-dimensional tree models for studying the vibration characteristics of differ-
ent fruit trees based on the finite element method. They utilized multi-view 3D reconstruction 
technology to obtain accurate three-dimensional tree models for simulation analysis. They carried 
out transient analysis and test experiments to explore the energy transmission characteristics at 
different vibration frequencies [5]. 

During the pruning stage, a pruning point identification method based on skeleton informati-
on can be used for automatic pruning of jujube trees. Semantic segmentation methods can be 
used to extract relevant structural information from complex images [6]. The method generates 
the jujube tree skeleton by applying the spatial colonization algorithm to the global point cloud, 
and represents the iterative relationship between the skeleton points by constructing a directed 
graph. Deep-learning-based object detection methods, including different YOLO architectures, 
have also been successfully applied to complex visual detection and classification tasks [7-8]. 
Such approaches provide useful methodological support for the detection of tree trunks and 
branches in complex orchard environments. Improved multi-view stereo methods combined 
with remote sensing and artificial intelligence can support the reconstruction of orchard fruit 
trees. In view of the complex environment and large data flow of orchards, the existing target 
detection schemes have problems such as poor data quality, low timeliness and accuracy, and 
weak generalization ability. YOLO-based models can enable lightweight and accurate detection 
of jujube tree trunks. 
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During the growth stage, Peng et al. proposed a branch model based on turtle interpretation, 
which simulated the curved shape of jujube branches, enhanced the three-dimensional visualiza-
tion effect, and effectively simulated the morphological structure of jujube trees. Subsequently, a 
new L-system for jujube visualization based on a substructure algorithm was developed, which 
could control the morphological structure and growth process of jujubes through relevant pa-
rameter settings [9]. Ma et al. studied the detection method of water deficiency in jujube tree 
canopies based on spectral technology and proposed a detection method combining fractal theo-
ry. First, the fractal dimensions of each spectral curve of the water-deficient canopy and the 
healthy canopy after preprocessing were calculated, and it was found that the fractal dimension 
of the healthy state was greater than that of the water-deficient state; the fractal features of 
spectral data, spectral feature parameters and principal components of spectra were used as 
feature vectors, and binary classification was performed based on the random forest algorithm 
[10]. For the classification of jujube fruit, Mahmood et al. developed an efficient and reliable ju-
jube grading model. They utilized MVS for jujube image acquisition, followed by image prepro-
cessing and enhancement tasks. By using the Adam optimizer, they achieved a maximum success 
rate of 99.44 % (i.e., an error of 0.56 %) in grading [11]. Zhang et al. noted that jujubes are sus-
ceptible to biotic and abiotic stress, leading to abnormal phenotypic defects. They developed an 
improved maximum horizontal diameter linear regression (MHD-LR) method for size grading of 
jujubes before detecting abnormal phenotypic defects. This method can effectively and accurate-
ly classify seven types of jujube phenotypes (regular type, irregular type, wrinkled type, moldy 
type, perforated type, cracked type, and scarred type) [12]. 

Apart from the research on jujube trees, there is also a considerable amount of research on 
other fruit trees. Qiu et al. proposed a high-precision branch extraction process through the 
alignment of point clouds at different times for the dormant pruning mode of apple trees, achiev-
ing quantitative analysis of the pruning mode. They conducted a feature analysis on the struc-
tural parameters of 126 pear trees during the entire growth period, and the research results 
showed that the structure of the trees had a greater impact on pruning than the cultivar, espe-
cially in Cuiguan, where significant differences were observed among different tree structures 
[13]. Tong et al. proposed an intelligent fruit tree pruning robot system suitable for tall spindle 
apple trees. The system consists of a visual system, a pruning decision system, and a robotic arm 
with an end effector control system. The visual system is used for apple branch segmentation 
and adopts the SOLOv2 Swin algorithm to achieve a maximum mAP50 segmentation accuracy of 
0.941. Compared with other segmentation algorithms, this method significantly improves the 
accuracy and performance of segmentation [14]. Liu et al. addressed the issue that the vibration 
harvesting efficiency of forest fruits such as camellia flowers depends on the machine vibration 
parameters and the biomechanics of the trees. Based on the dynamic branch and fruit model of 
the external body trajectory, they determined the excitation frequency and trajectory amplitude 
as the key factors for detachment. They formulated an optimal pruning plan to facilitate harvest-
ing while reducing yield. The average fruit removal rate in the field harvesting experiment was 
75.1 %, and the average flower bud shedding rate was 11.6 % [15]. Cao et al. proposed a new 
adaptive rectangular region growth segmentation algorithm to solve the problem of precise 
segmentation of tree trunks and branches. This method combines an adaptive growth carrier 
based on the growth trend of branches and a dynamic growth rectangular region adjusted ac-
cording to the diameter of branches. An innovative reverse growth strategy was also introduced 
to enhance the efficiency of the growth process. This algorithm can automatically and effectively 
identify the starting and ending points of growth based on the structural characteristics of the 
fruit tree branches, solving the problem of where to start and when to stop [16]. 

Win et al. evaluated the effects of mechanical pruning on the growth, yield, and fruit quality of 
"Arisoo" apple trees over two consecutive years (2023 and 2024). The treatment methods in-
cluded manual pruning, mechanical pruning, and the combination of mechanical and manual 
pruning during the winter pruning period in the super-long apple orchard. Overall, the study 
found that mechanical pruning reduced light penetration, resulting in smaller fruits with poorer 
color, while the subsequent combination of mechanical and manual pruning improved pruning 
efficiency, light penetration, fruit size, and fruit quality [17]. Chen et al. proposed an improved 
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bidirectional rapid expansion random tree (RRT-Connect) algorithm to enable fruit-tree pruning 
manipulators to avoid obstacles in unstructured and complex natural environments. The me-
chanical arms and obstacles were appropriately simplified based on their geometric characteris-
tics to construct a collision detection model considering obstacles, the ground, and the mechani-
cal arms themselves, and to plan paths for obstacle avoidance. The target bias strategy and adap-
tive step size adjustment principle were introduced to accelerate the path search speed. The 
bidirectional pruning optimal strategy and the cubic non-uniform B-spline interpolation method 
were adopted to optimize the path generated by RRT-Connect [18]. Liu et al. applied robotic 
manipulators to the automated solution for apple tree pruning, proposed the planning problem 
of high-dimensional mechanical arms in the pruning scenario, studied the inherent redundancy 
of the system, and proposed a comprehensive pruning workflow integrating perception, model-
ing, and overall planning. The experiments showed that a more comprehensive planning method 
could significantly improve manipulator performance [19]. 

3. Materials and methods 
The dwarf and densely planted jujube trees in Alar City of Xinjiang were used as experimental 
materials (variety: Junyou; age: 6 years; diameter: 8-20 mm). Mature jujube branches were ran-
domly sampled. Based on branch length, the branches were divided into five sections from the 
base upwards (Fig. 1) to analyze the differences in properties such as porosity and water con-
tent [20-22]. 

 
Fig. 1 Experimental samples of jujube branch 

3.1 Mechanical properties of the cell wall 

Nanoindentation technology uses an indenter tip pressed into the sample surface to produce 
small elastic deformations and measure the micromechanical properties, such as elastic modu-
lus, hardness, and viscoelasticity. The cell wall is the main carrier of the stem that bears the ex-
ternal load. The cell wall is mainly composed of an intercellular layer and primary and second-
ary walls, and the thickness of the secondary wall layer accounts for 80 % of the entire wall 
thickness. Micromechanical tests were therefore only carried out on the secondary wall in this 
study [23-24]. 

Related studies show that plant cell walls are transversely isotropic materials [25-26]. The 
direction along the branch striations was defined as the 𝑧𝑧-direction (longitudinal), while the x- 
and 𝑦𝑦-directions were defined as transverse directions; the 𝑥𝑥𝑥𝑥-plane was therefore treated as 
transversely isotropic. The samples were shaped into pyramids of different sizes according to 
branch diameter and cut into 0.5 × 0.5 mm areas at the pyramid apex using an ultra-thin slicer 
(Fig. 2a, 2b). Four test areas were selected on the sample surface using a Hysitron TI-950 nano-
indenter (Fig. 2b, 2c) and optical microscope with 10 indentation points for each area (Fig. 2d, 
2e). The longitudinal mechanical properties of the cell wall were measured under a 90 μN load 
and an indentation depth of 60-90 nm. Three samples were randomly selected, with 40 indenta-
tion points on each sample. 
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 Fig. 2 Nano-indentation test of the cell wall: (a) nanoindentation instrument; (b) sample; (c) test area; 

                (d) indentation area; (e) indentation morphology 
 

The reduced elastic modulus 𝐸𝐸𝑟𝑟  was calculated from the nanoindentation data using Eq. 1: 
 

𝐸𝐸𝑟𝑟 =
√𝜋𝜋
2𝛽𝛽

𝑆𝑆
√𝐴𝐴

 (1) 
 

where 𝐸𝐸𝑟𝑟  is the reduced elastic modulus of the sample, MPa. β is a constant related to the Berko-
vich indenter geometry and has a value of 1.034. S is the contact stiffness, μN/nm. A is the con-
tact area between the indenter and sample, nm2. The elastic modulus 𝐸𝐸𝑠𝑠of the sample was then 
calculated from the reduced elastic modulus using Eq. 2: 
 

1
𝐸𝐸𝑟𝑟

=
1 − 𝜇𝜇𝑠𝑠2

𝐸𝐸𝑠𝑠
+

1 − 𝜇𝜇𝑖𝑖2

𝐸𝐸𝑖𝑖
 (2) 

 

where μs is the Poisson’s ratio of the sample, with a value of 0.15-0.35. Es is the elastic modulus 
of the sample, MPa. Ei is the elastic modulus of the diamond indenter and has a value of 1.141 × 
10⁶ MPa. μi is the Poisson’s ratio of the diamond indenter and has a value of 0.07. Because the 
longitudinal elastic modulus (Ez) of the cell wall inside the wood is 3.5-10 times higher than the 
transverse elastic modulus, Es = Ez. In this study, Ez is 6.75 times higher than the calculated aver-
age transverse elastic modulus Ex. Because the Poisson’s ratio of the wood has little effect on its 
elastic parameters, the Poisson’s ratio of the cell wall was selected as μxy = 0.24 with a reference 
value of μzx = 0.1. The in-plane transverse shear modulus 𝐺𝐺𝑥𝑥𝑥𝑥 of the cell wall was calculated using 
𝐺𝐺𝑥𝑥𝑥𝑥 = 𝐸𝐸𝑥𝑥/[2(1 + 𝜇𝜇𝑥𝑥𝑥𝑥)], while the longitudinal–transverse shear modulus 𝐺𝐺𝑧𝑧𝑧𝑧 was obtained from 
nanoindentation measurements. 

3.2 Three-dimensional reconstruction and microstructure characterization 

A cylindrical sample with a diameter of 0.8 mm and height of 1 mm was prepared from a defect-
free part of a jujube branch cross-section (five valid samples for each part for a total of 25 sam-
ples). X-ray scanning at a resolution of 0.618 μm resolution and image analysis procedures were 
performed using a NanoVoxel 3000 Industrial CT to acquire two-dimensional grayscale images 
for reconstructing microstructural visualization models. A grayscale image with a size of 1000 × 
1000 pixels was selected for feature segmentation, noise reduction and other processing to ob-
tain the microstructural visualization model (Fig. 3a, 3b). Three-dimensional microstructural 
reconstructions were performed using Avizo 9.0 software to obtain 3D visualization models in 
the different branch positions (Fig. 3c). 

The mechanical behaviour of heterogeneous materials can be strongly influenced by their 
structural and material characteristics [27]. In wood processing, properties such as fibre orien-
tation, density, and moisture content can significantly affect cutting behaviour [28]. Therefore, 
the microstructural components of the jujube branches were quantitatively characterized in the 
present study. In this study, the threshold image was binarized using image analysis software 
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ImageJ 1.80, and the binary images of different components were obtained (Fig. 3d). Based on 
the binary image results, the characteristics of the microscopic components were quantified, 
including porosity, component ratio, cell wall thickness, and distribution direction. Five two-
dimensional CT images were analyzed at each position, giving a total of 25 valid images. 
 

 
Fig. 3 Three-dimensional reconstruction and quantitative analysis of microstructure: (a) grayscale microstructure 
images; (b) threshold segmentation images; (c) visualization models; (d) binary inversion images of the cell wall; 
(e) vessels; (f) rays; (g) fibers 

3.3 Analysis of mechanical properties of the multi-scale model 

Finite element simulations are widely used to evaluate the influence of material properties and 
anisotropy on mechanical response, while multiscale models can be used to relate microstructu-
ral features to macroscopic equivalent properties [29, 30]. A representative volume element 
(RVE) was extracted from the visualization model to represent the microstructure. The elastic 
constants were obtained from stress and strain data in the linear elastic stage of the biomass-
stalk microstructure. A uniaxial displacement load was applied to the representative volume 
element as shown in Eq. 3, and the equivalent macroscopic mechanical properties were then 
obtained using Eqs. 4 and 5. 
 

𝑢𝑢𝑖𝑖
𝑗𝑗+ − 𝑢𝑢𝑖𝑖

𝑗𝑗− = 𝜀𝜀𝚤𝚤��𝑥𝑥𝑘𝑘
𝑗𝑗+ − 𝑥𝑥𝑘𝑘

𝑗𝑗−� (3) 
 

where u is the displacement. j+ and j− are the positive and negative directions of the coordinate 
axis, respectively. 𝜀𝜀𝚤𝚤�is the average equivalent strain in the i-direction. xk is the coordinate of any 
point on the representative volume element. 
 

𝜎𝜎𝚤𝚤𝚤𝚤���� =
1
𝑉𝑉
�𝜎𝜎𝑖𝑖𝑖𝑖
𝑉𝑉

𝑑𝑑𝑑𝑑,       𝜀𝜀𝚤𝚤𝚤𝚤��� =
1
𝑉𝑉
�𝜀𝜀𝑖𝑖𝑖𝑖
𝑉𝑉

𝑑𝑑𝑑𝑑 (4) 
 

where 𝜎𝜎𝚤𝚤𝚤𝚤����is the macroscopic equivalent stress. V is the volume of the representative volume el-
ement. 𝜀𝜀𝚤𝚤𝚤𝚤���is the macroscopic equivalent strain. 

𝐸𝐸𝑖𝑖 =
𝜎𝜎𝑖𝑖
𝜀𝜀𝑖𝑖

,       𝜇𝜇𝑖𝑖𝑖𝑖 = −
𝜀𝜀𝑖𝑖
𝜀𝜀𝑗𝑗

,        𝐺𝐺𝑖𝑖𝑖𝑖 =
𝜏𝜏𝑖𝑖𝑖𝑖
𝛾𝛾𝑖𝑖𝑖𝑖

 (5) 

To maintain consistent microstructural porosity, representative volume units (35 × 35 × 35 μm) 
were extracted from different positions using the Avizo 9.0 visualization model (Fig. 4a, 4b). The 
average porosity of 1-5 sampling positions was 45.89 %, 48.45 %, 51.49 %, 53.82 %, and 56.17 %, 
respectively. Meanwhile, the plane where the points O', P' and Q' are located was defined as the main 
plane of the representative element, and the secondary plane was parallel to the main plane (Fig. 4c). 

The microstructure of jujube branches is characterized by its porosity and non-uniformity. 
The application of appropriate boundary conditions in RVE-based multiscale models is impor-
tant for determining the effective mechanical properties of heterogeneous microstructures [31-
33]. Fixed displacement boundary conditions are more suitable for determining the elastic and 
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viscoelastic behavior of non-uniform structures compared with periodic and mixed boundary 
conditions [34-35]. The elastic modulus of the plant stalk is approximately the same in tension 
and compression, and the stiffness characteristics are approximately symmetric [34]. Therefore, 
the constraint equations of representative volume elements under uniaxial compression and 
shear displacement loads were established to analyze the multi-scale mechanical properties of 
the microstructure (Tables 1 and 2). 
 

 
Fig. 4 Example of a representative volume element: (a) visual stereo model; (b) representative volume element; 

          (c) simplified schematic diagram of representative volume element 
 

Table 1 Constraint equations of tensile or compressive loads (εx ≠ 0, i = x, εy, εz, 𝛾𝛾zy, 𝛾𝛾yz = 0) 
Nodes on faces Nodes on edges Nodes on vertices 

𝑢𝑢𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑢𝑢𝑖𝑖𝐴𝐴𝐴𝐴𝐹𝐹𝐸𝐸 − 𝐼𝐼𝑥𝑥𝜀𝜀𝑥𝑥 = 0 𝑢𝑢𝑖𝑖𝐶𝐶𝐺𝐺 − 𝑢𝑢𝑖𝑖𝐴𝐴𝐸𝐸 − 𝐿𝐿𝑥𝑥𝜀𝜀𝑥𝑥 = 0 𝑢𝑢𝑖𝑖𝐺𝐺 − 𝑢𝑢𝑖𝑖𝐴𝐴 − 𝐿𝐿𝑥𝑥𝜀𝜀𝑥𝑥 = 0 
𝑢𝑢𝑖𝑖𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝑢𝑢𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 0 𝑢𝑢𝑖𝑖𝐷𝐷𝐷𝐷 − 𝑢𝑢𝑖𝑖𝐵𝐵𝐵𝐵 − 𝐿𝐿𝑥𝑥𝜀𝜀𝑥𝑥 = 0 𝑢𝑢𝑖𝑖𝑐𝑐 − 𝑢𝑢𝑖𝑖𝐸𝐸 − 𝐿𝐿𝑥𝑥𝜀𝜀𝑥𝑥 = 0 
𝑢𝑢𝑖𝑖𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑢𝑢𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 0 𝑢𝑢𝑖𝑖𝐺𝐺𝐺𝐺 − 𝑢𝑢𝑖𝑖𝐴𝐴𝐵𝐵 − 𝐿𝐿𝑥𝑥𝜀𝜀𝑥𝑥 = 0 𝑢𝑢𝑖𝑖𝐹𝐹 − 𝑢𝑢𝑖𝑖𝐷𝐷 + 𝐿𝐿𝑥𝑥𝜀𝜀𝑥𝑥 = 0 

 𝑢𝑢𝑖𝑖𝐶𝐶𝐶𝐶 − 𝑢𝑢1𝑖𝑖𝐹𝐹𝐹𝐹 − 𝐿𝐿𝑥𝑥𝜀𝜀𝑥𝑥 = 0 𝑢𝑢𝑖𝑖𝐻𝐻 − 𝑢𝑢𝑖𝑖𝐵𝐵 − 𝐿𝐿𝑥𝑥𝜀𝜀𝑥𝑥 = 0 
 𝑢𝑢𝑖𝑖𝐵𝐵𝐵𝐵 − 𝑢𝑢𝑖𝑖𝐹𝐹𝐹𝐹 = 0  
 𝑢𝑢𝑖𝑖𝐹𝐹𝐺𝐺 − 𝑢𝑢𝑖𝑖𝐴𝐴𝐴𝐴 = 0  

 
Table 2 Constraint equations for shear loading (𝛾𝛾zy ≠ 0, i ≠ j; εx, εy, εz, 𝛾𝛾yz = 0) 

Nodes on faces Nodes on edges Nodes on vertices 
𝑢𝑢𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑢𝑢𝑖𝑖𝐴𝐴𝐴𝐴𝐹𝐹𝐹𝐹 = 0 𝑢𝑢𝑖𝑖𝐶𝐶𝐶𝐶 − 𝑢𝑢𝑖𝑖𝐴𝐴𝐴𝐴 − 𝐿𝐿𝑦𝑦𝛾𝛾𝑧𝑧𝑧𝑧 = 0 𝑢𝑢𝑖𝑖𝐺𝐺 − 𝑢𝑢𝑖𝑖𝐴𝐴 − 𝐿𝐿𝑦𝑦𝛾𝛾𝑧𝑧𝑧𝑧 = 0 
𝑢𝑢𝑖𝑖𝐵𝐵𝐵𝐵𝐺𝐺𝐹𝐹 − 𝑢𝑢𝑖𝑖𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻 = 0 𝑢𝑢𝑖𝑖𝐵𝐵𝐵𝐵 − 𝑢𝑢𝑖𝑖𝐷𝐷𝐻𝐻 − 𝐿𝐿𝑦𝑦𝛾𝛾𝑧𝑧𝑧𝑧 = 0 𝑢𝑢𝑖𝑖𝐶𝐶 − 𝑢𝑢𝑖𝑖𝐸𝐸 + 𝐿𝐿𝑦𝑦𝛾𝛾𝑧𝑧𝑧𝑧 = 0 

𝑢𝑢𝑖𝑖𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑢𝑢𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 − 𝐿𝐿𝑦𝑦𝛾𝛾𝑧𝑧𝑧𝑧 = 0 𝑢𝑢𝑖𝑖𝐺𝐺𝐺𝐺 − 𝑢𝑢𝑖𝑖𝐴𝐴𝐵𝐵 = 0 𝑢𝑢𝑖𝑖𝐹𝐹 − 𝑢𝑢𝑖𝑖𝐷𝐷 − 𝐿𝐿𝑦𝑦𝛾𝛾𝑧𝑧𝑧𝑧 = 0 
 𝑢𝑢𝑖𝑖𝐶𝐶𝐷𝐷 − 𝑢𝑢𝑖𝑖𝐹𝐹𝐹𝐹 = 0 𝑢𝑢𝑖𝑖𝐵𝐵 − 𝑢𝑢𝑖𝑖𝐻𝐻 + 𝐿𝐿𝑦𝑦𝛾𝛾𝑧𝑧𝑧𝑧 = 0 
 𝑢𝑢𝑖𝑖𝐵𝐵𝐵𝐵 − 𝑢𝑢𝑖𝑖𝐸𝐸𝐸𝐸 + 𝐿𝐿𝑦𝑦𝛾𝛾𝑧𝑧𝑧𝑧 = 0  
 𝑢𝑢𝑖𝑖𝐹𝐹𝐹𝐹 − 𝑢𝑢𝑖𝑖𝐴𝐴𝐴𝐴 − 𝐿𝐿𝑦𝑦𝛾𝛾𝑧𝑧𝑧𝑧 = 0  

 
In Table 1, u is the uniaxial displacement in different directions. L is the side length of the 

representative volume element. εi is the positive strain in i-direction, i = x, y, z. 
In Table 2, 𝛾𝛾𝑖𝑖𝑖𝑖  is the shear strain in the ij-plane, i ≠ j. To obtain the equivalent mechanical 

properties of the microstructure, the finite element analysis software Abaqus 6.14 was used for 
tetrahedral mesh generation and finite element simulation of representative volume elements. 
Using the fixed-displacement boundary conditions defined in Tables 1 and 2, the displacement 
degrees of freedom along the main plane of the representative volume element were constrai-
ned in Abaqus. Then, the equivalent mechanical properties of the microstructure were predicted 
by applying a uniaxial displacement load to reference point A (Fig. 5a, 5b). According to the mul-
ti-scale finite element simulation results, the stress-strain values of the reference point were 
extracted under the condition of displacement u = 0.001 mm (that is, the compression and shear 
strains were both 0.029). The macro-equivalent mechanical properties of the microstructure 
under compression and shear loads could be calculated using Eq. 5. 
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  Fig. 5 Finite element simulation of multi-scale model: (a) boundary conditions of a tensile or compressive load; 
 (b) compression mechanical properties; (c) boundary conditions of a shear load; (d) shear mechanical properties 

4. Results and discussion 
The differences in the physical and mechanical properties of jujube branch microstructures are 
the underlying reasons for variable macroscopic properties [35]. Therefore, exploring the effects 
of microstructural parameters on the mechanical properties of jujube branches is important for 
selecting a reasonable pruning position and cutting wedge angle. According to Table 3, there 
were significant differences in mechanical properties among different positions, and the me-
chanical properties decreased gradually from the base to the tip of jujube branches. 

 
Table 3 Mechanical properties of cell wall and jujube branch 

Positions 
Micromechanical properties Macroscopic mechanical properties 

Ez* 
(MPa) 

Ey* 
(MPa) 

Gxy* 
(MPa) 

Gzy* 
(MPa) 

Ez 
(MPa) 

Ex 
(MPa) 

Ey 
(MPa) 

Gzy 
(MPa) 

Gzx 
(MPa) 

1 9003.00 1333.78 537.81 606.26 4241.24 368.21 424.48 169.76 67.71 
2 8575.50 1270.44 512.28 577.47 3853.62 287.97 400.00 162.14 65.53 
3 7833.00 1160.44 467.92 527.47 3000.69 168.62 311.90 133.41 52.94 
4 6847.50 1014.44 409.05 461.11 2773.28 188.90 310.76 112.03 46.77 
5 6460.50 957.11 385.93 435.05 1947.38 150.03 241.52 90.34 39.06 

 
Wood cell walls exhibit pronounced mechanical anisotropy, with the longitudinal elastic mo-

dulus being higher than the transverse elastic modulus and the axial shear modulus being higher 
than the transverse shear modulus [36, 37]. A similar directional dependence was observed in 
the present jujube branch and cell-wall models. Taking the micro-mechanical properties as an 
example, Gzy* > Gxy* and Ey* < Ez*. The cell-wall mechanical properties are greater than the corre-
sponding macroscopic properties of the jujube branch, such as Ez*> Ez, Ex*> Ex, etc. This differ-
ence is related to microstructural features, such as porosity, cell wall thickness, and stiffness, 
which can increase or decrease the macroscopic mechanical properties [38-39]. The quantitative 
microstructural results are shown in Fig. 6. 

In Table 3, Ei* is the elastic modulus of the cell wall in different directions, MPa. Gij* is the 
shear modulus, i ≠ j, MPa. μij* is the Poisson’s ratio of the cell wall, i ≠ j. The two-dimensional 
microstructural images were quantitatively analyzed and characterized, as shown in Fig. 6. Po-
rosity gradually increases from the base to the tip of the jujube branches (Fig. 6a). The volume 
proportions of each micro-component vary little among branch positions, whereas the propor-
tions of different components within each position differ substantially. Wood fibers are the main 
component, followed by rays and vessels (Fig. 6b). The quantitative analysis results reveal that 
porosity strongly influences the stalk mechanical properties with different contributions from 
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each micro-component. The cell wall is thickest in the vessel tissue followed by the xylem ray 
and wood fiber, and the cell wall thickness of each component gradually decreases with increas-
ing sampling height (Fig. 6c). In addition, the cell arrangement shows a characteristically ran-
dom distribution, but the spatial distribution of different cell types shows certain regularities 
(Fig. 3a). Fig. 6d shows that the distribution direction of the wood fiber and vessel tissue is ap-
proximately parallel to the branch growth direction, whereas the distribution of xylem ray cells 
is approximately perpendicular. Wood fiber is the main microstructural component, accounting 
for 56.35-63.94 % [40]. Fiber cells are nearly parallel to the growth direction of the jujube 
branch, which makes the longitudinal mechanical properties much higher than the transverse 
mechanical properties (Table 3). The ray cells in the transverse plane are the primary reason for 
the differences in mechanical properties between 𝑥𝑥- and 𝑦𝑦-directions. 

 

 
Fig. 6 Quantitative analysis results of microstructure: (a) porosity; (b) proportion of different components; 

           (c) cell wall thickness; (d) direction of the cell distribution 
 

To systematically characterize regional variations in mechanical behavior, multi-scale finite 
element simulations were performed across five jujube branch samples. Displacement-
controlled loading was applied incrementally from u = 0 mm to u = 0.029 mm in steps of Δu = 
0.001 mm; at each displacement increment, three to four independent simulations were execut-
ed to ensure numerical robustness. Stress and strain values were extracted at predefined refer-
ence points, yielding 100 data points per sample and a total of 500 data points across all samples. 
Microstructural parameters, including porosity, moisture content, and cell wall thickness, were 
subjected to one-way ANOVA and Tukey’s post-hoc multiple comparisons using SPSS 25.0 (Ta-
bles 4 and 5). Results revealed no statistically significant differences (p > 0.05) for some adjacent 
comparisons (e.g., Positions 1 vs. 2 or 4 vs. 5), whereas significant differences (p < 0.01) were 
observed for several other comparisons—particularly in porosity, moisture content, and cell wall 
thickness—indicating longitudinal heterogeneity in the microstructure. 
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Table 4 Results of one-way ANOVA 

Positions Porosity (%) Cell wall thickness (μm) Water content (%) Density (kg m⁻³) 
M SD M SD M SD M SD 

1 45.76 1.94 3.15 0.81 35.50 1.77 828 0.036 
2 46.83 1.15 3.07 1.09 36.43 1.5 819 0.034 
3 49.73 2.22 2.77 0.87 38.10 1.79 799 0.038 
4 54.13 1.39 2.11 0.6 40.29 1.92 787 0.031 
5 57.02 2.35 1.99 0.74 41.15 2.11 776 0.034 
F 33.31 127.74 43.85 9.66 
p 1.72E-8** 3.48E-94** 1.23E-22** 8.31E-7** 

 
Table 5 Multiple comparison results of the microstructure 

Posi-
tions 

Other 
posi-
tions 

Porosity 
(%) 

Cell wall thickness 
(μm) 

Water content 
(%) 

Density 
(kg m⁻³) 

D p D p D p D p 
1 2 1.07 0.439 0.08 0.209 0.93 0.077 9 0.396 
 3 3.97 0.004** 0.38 7.68E-9** 2.60 2E-6** 29 0.005** 
 4 8.37 9.16E-7** 1.04 1.75E-50** 4.79 1.01E-15** 41 6.4E-5** 
 5 11.26 8.62E-9** 1.16 2.04E-64** 5.65 1.09E-19** 52 5.61E-7** 

2 3 2.90 0.023 0.30 1.5E-5** 1.67 0.002** 20 0.051 
 4 7.30 5E-5** 0.96 3.01E-40** 3.86 1.38E-11** 32 0.002** 
 5 10.19 3.57E-8** 1.08 5.41E-52** 4.72 1.96E-15** 43 2.5E-5** 

3 4 4.40 0.001** 0.66 9.27E-21** 2.19 4.5E-5** 12 0.208 
 5 7.29 0.005** 0.78 3.63E-29** 3.05 3.50E-8** 23 0.017* 

4 5 2.89 0.024 0.12 0.104 0.86 0.100 11 0.254 
 

In Table 4, M is the mean value. SD is the standard deviation. F is the F-statistic. p is the p-
value (Note: * indicates significant, p < 0.05; ** indicates highly significant, p < 0.01). 

In Table 5, D is the difference between the means. Plant stalk microstructures are closely re-
lated to their mechanical properties. During crushing or shearing operations, jujube branches 
are mainly subjected to compressive and shear loads. According to the finite element simulation 
analysis (Table 3), the ratio of micromechanical properties to macro-equivalent mechanical 
properties (Rm) was defined as an index to evaluate the reduction/enhancement effect of various 
factors on the equivalent mechanical properties. The transverse elastic modulus and shear mod-
ulus are important indices to evaluate the compression and shear capacity of materials. The 
equivalent mechanical properties in the 𝑦𝑦-direction and 𝑧𝑧𝑧𝑧-plane of jujube branches were slight-
ly greater than those in the 𝑥𝑥-direction and 𝑧𝑧𝑧𝑧-plane (that is, Ey > Ex, Gzy > Gzx), as shown in Table 
3. The calculated ratios are shown in Fig. 7. 
 

 
Fig. 7 Ratio of mechanical properties 

 

The transverse elastic modulus Ey and shear modulus Gzy were therefore selected to calculate 
the reinforcement or reduction ratio of each factor on the equivalent mechanical properties (Fig. 
7). According to the analysis in Fig. 7, the mechanical properties of the cell wall are greater than 
the macro-equivalent mechanical properties [32, 36]. This indicates that the microstructure re-
duces the effective mechanical properties relative to the solid cell wall. To evaluate the strength of 
the association between each factor and the reduction/enhancement of the equivalent mechanical 
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properties, the correlation between each factor and Rm was analyzed using SPSS software (Table 
6). According to the results in Table 6, the correlation between each factor and Rm is statistically 
significant (p < 0.01). For example, porosity shows the strongest correlation with the mechanical 
property ratio of Gzy*/ Gzy, (|r| = 0.891), followed by moisture content (|r| = 0.710) and density (|r| 
= 0.461), while cell wall thickness shows the weakest correlation (|r| = 0.458). Porosity, moisture 
content, and Rm are all positively correlated (r > 0), which shows that higher porosity and water 
content are associated with larger Rm, and lower equivalent mechanical properties. Density and 
cell wall thickness are negatively correlated with Rm (r < 0). As density and cell wall thickness in-
crease, the reduction in equivalent mechanical properties becomes smaller (Table 6). 
 

Table 6 Correlations between factors and mechanical property ratios. 

Ratio Coefficient Factors 
Porosity Cell wall thickness Moisture content Density 

Ey*/ Ey r 0.648 -0.315 0.519 -0.370 
p 4.67E-4** 1.04E-36** 5.49E-36** 2.2E-5** 

Gzy*/ Gzy r 0.891 -0.458 0.710 -0.461 
p 2.41E-9** 2.26E-80** 1.77E-20** 6.40E-8** 

 
In Table 6, r is the correlation coefficient. Differences in microstructure lead to directional dif-

ferences in the shear mechanical properties of jujube branches. Previous studies have shown 
that cutter geometry, including the cutting-edge angle, can influence the cutting force and stress 
distribution during material removal [41, 42]. During cutting of jujube branches, the cutting di-
rection (transverse direction) of the cutter is perpendicular to the stem growth direction (Fig. 
8a). The angle between the cutting direction and cutting wedge surface of the jujube branch is 
called the wedge angle α (θ is the angle between the direction of the cutting force and the 
growth direction) [43]. The tool tip point T is taken as an example, where T' is the point at which 
the balancing reaction force acts (Fig. 8b). The tangential component force Ft of the cutting force 
F on the wedge surface effectively cuts the fibers, while the normal component Fn could increase 
the cutting displacement of the wedge surface. By decomposing Ft into a transverse component 
Fzy and longitudinal component Fyz, the former is considered the main force for cutting fibers. 
The selection of a smaller transverse cutting force and reasonable wedge angle is therefore the 
key to reducing cutting energy consumption. 
 

 
Fig. 8 Shear force diagram of a jujube branch: (a) cutter wedge angle; 

                                                    (b) shear force analysis of a representative volume element 
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According to the analysis in Fig. 8b, the component forces Fzy and Fyz of the wedge cutting 

force Ft in the transverse and longitudinal directions determine the cutter wedge angle, as 
shown in Eq. 6. However, to avoid the influence of jujube branch diameter, the wedge angle was 
calculated using the shear stresses in Eq. 6. According to Eqs. 5 and 6, under the same shear 
strain conditions (𝛾𝛾zy = 𝛾𝛾yz = 0.029), the ratios of shear stress to shear modulus are equal in the 
two directions, that is, the ratio of the longitudinal shear modulus to the transverse shear modu-
lus determines the cutter wedge angle. The cutter wedge angle range can be calculated accord-
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ing to the shear moduli at the different positions, giving α = 21.65-23.36° (Fig. 9). This variation 
is attributed to differences in mechanical properties among branch positions. The shear mechan-
ical properties at the base of the jujube branch are higher than in other parts. The recommended 
wedge angle at the base of the jujube branch is α = 21.75°. 
 

 
Fig. 9 Wedge angle at different positions 

5. Conclusion 
Significant differences in porosity, cell wall thickness, density, and water content were observed 
among several branch positions, while some adjacent comparisons were not significant (p > 0.05). 
Higher porosity and water content are associated with lower equivalent microstructural mechani-
cal properties, with porosity showing the stronger association. The wedge angle of jujube pruning 
cutters mainly depends on the ratio of longitudinal to transverse shear modulus, and the recom-
mended wedge angle is α = 21.75°. However, because this study was based on simulations and did 
not include physical cutting tests, the recommended angle requires experimental validation. 
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