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A 3D stem diameter
measurement method for � eld
maize at jointing stage:
combining RLRSA-PointNet++
and structural feature � tting
Jing Zhou1, Yijia Tang1, Mingren Cui1, Wenlong Zou1,
Yudi Gao1, Yushan Wu1, Min Wu1, Bowen Jiang1,
Zhenghong Zhong1, Yujie Zou1, Lixin Hou1* and Haijuan Tian2*

1College of Information Technology, Jilin Agricultural University, Changchun, China, 2A Jilin Province
Key Laboratory of Grain and Oil Processing, Jilin Business and Technology College,
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Introduction: In precision agriculture, accurate measurement of maize stem
diameter during the jointing stage is crucial for lodging resistance assessment and
yield prediction. However, existing methods have certain limitations: manual
measurement is time-consuming and highly subjective, while two-dimensional
image recognition can only capture local features and fails to reconstruct the true
three-dimensional structure of the stem. Therefore, there is a critical need for an
accurate and automated three-dimensional stem diameter measurement approach.
Methods: This study proposes a three-dimensional stem diameter measurement
method that integrates an improved PointNet++ segmentation network with
structural feature �tting, focusing on the position of the second above-ground
internode of maize plants. Speci�cally, multi-view image reconstruction is
employed to generate three-dimensional point clouds of maize stems, and
Relative Position Encoding, the Local Group Rearrangement Module, and the
Local Region Self-Attention mechanism are incorporated into the PointNet++
network to achieve precise segmentation of stems from the ground. On this
basis, a structural feature �tting strategy is applied, where principal axis analysis
and ellipse �tting are utilized to extract cross-sectional features, thereby
obtaining the major axis and minor axis parameters for stem diameter estimation.
Results: Experimental results demonstrate that the proposed method maintains
high accuracy under complex �eld conditions, achieving a mean absolute error
(MAE) of 1.27 mm (R� = 0.87) for major-axis stem diameter and 1.38 mm (R� =
0.82) for minor-axis stem diameter.
Discussion: The proposed method effectively overcomes the limitations of traditional
manual and two-dimensional measurement techniques. It provides a robust and
accurate solution for maize stem diameter measurement during the jointing stage.
This approach offers technical support for intelligent maize growth monitoring,
lodging resistance analysis, and three-dimensional phenotypic trait extraction.
KEYWORDS

maize stem diameter, PointNet++, semantic segmentation, structural feature � tting,
three-dimensional point cloud
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1 Introduction
Maize is one of the world’s major cereal crops, and its yield and

quality are of great importance for ensuring national food security
and promoting susta inable agr icultura l development
(Tanumihardjo et al., 2020). The jointing stage is a key stage in
the transition from vegetative growth to reproductive growth in the
growth process of maize (Fournier and Andrieu, 2000). At this
stage, the plants grow rapidly and the internodes elongate quickly.
The stem diameter at this stage not only re�ects the growth and
health of the maize, but is also closely related to its resistance to
lodging (Guo et al., 2021). Previous studies have pointed out that
thicker stems usually have greater mechanical strength and can
effectively support the weight of the ears, thereby reducing the risk
of lodging in the middle and late stages (Robertson et al., 2017).
Therefore, accurately measuring maize stem diameter during the
jointing stage is of great signi�cance for real-time monitoring of
crop growth and health, assessing lodging resistance risk, and
providing reliable data support for subsequent �eld management,
variety breeding, and precision agriculture (Guan et al., 2020).

In practical agricultural production, traditional measurement of
maize stem diameter is mostly carried out manually, such as using a
vernier caliper for contact-based measurement. Although such
methods are straightforward and easy to implement, they suffer
from low ef�ciency, strong operator subjectivity, and destructive
effects on the plants, making them unsuitable for large-scale �eld
measurements and high-throughput data acquisition (Baweja et al.,
2017). Additionally, manual measurements can only obtain limited
local information from a few points, failing to comprehensively
re�ect the three-dimensional characteristics of plant structure. This
makes it dif�cult to meet the demands of precision agriculture for
ef�cient, non-contact, and automated monitoring.

To achieve non-destructive and ef�cient measurement of stem
diameter, some studies have introduced two-dimensional vision
methods based on image processing. Zhou et al. (2023b) proposed a
maize stem extraction algorithm based on HSV color space
segmentation and adaptive Otsu thresholding, which achieves
non-contact stem diameter estimation through pixel width and
reference plate calibration. Additionally, Zhou et al. (2024)
developed an internal gradient image segmentation algorithm and
a spatial projection method that integrates RGB-D data, further
improving measurement accuracy. However, the extraction results
of such methods are typically local two-dimensional widths, lacking
three-dimensional structural integrity, which limits the accuracy
and versatility of parameter modeling.

With the development of three-dimensional reconstruction and
sensor technologies, plant structure modeling methods based on
point clouds have become an important approach for automated
extraction of crop phenotypic parameters. Currently, commonly
used techniques for acquiring three-dimensional point clouds
include LiDAR (Light Detection and Ranging), Time-of-Flight
(ToF) cameras, Structured Light, and Multi-View Stereo (MVS).
LiDAR is an active sensor that obtains the three-dimensional
coordinates of an object’s surface by emitting laser pulses and
measuring their return time (Sakib, 2022). It has high accuracy
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and high anti-interference capabilities and has been widely used in
the macro-structural reconstruction of �eld crops (Guo et al.,
2020a). For example, Wang et al. (2018) used a ground-based
laser scanning system to reconstruct a three-dimensional model
of an entire maize plant, achieving accurate extraction of structural
traits such as plant height and leaf angle. ToF cameras calculate
depth based on the propagation time of light pulses, offering
advantages such as strong real-time performance and fast data
acquisition speed, but their accuracy is limited in outdoor complex
lighting conditions and large-scale scenes (He and Chen, 2019).
Structured light technology estimates the shape of target surfaces by
analyzing the deformation of projected light patterns, making it
suitable for close-range high-precision measurements and
commonly used in indoor plant phenotyping research (Li et al.,
2025). Compared with the above methods, MVS technology does
not require an active light source, relying only on RGB cameras to
obtain multi-angle images and generating high-quality 3D point
clouds through feature matching and dense reconstruction (Wang
et al., 2024). Li et al. (2022b) used the MVS method to perform
multi-angle image acquisition and 3D reconstruction of maize
seedlings, successfully extracting the spatial morphology of the
stem and leaf structure. Especially in close-range organ-scale
measurement scenarios, MVS can utilize the rich texture
information in images to achieve detailed reconstruction (Luo
et al., 2024). Its texture expressiveness and geometric accuracy are
superior to LiDAR, making it particularly suitable for precise
modeling and structural �tting of local structures such as
internodes and stems. In actual �eld applications, although
various sensors have made progress to varying degrees, the point
clouds collected often suffer from issues such as uneven density,
background interference, and structural occlusion, increasing the
dif�culty of subsequent geometric modeling and phenotypic
parameter extraction. Therefore, there is an urgent need to
introduce point cloud processing strategies with stronger
structural modeling capabilities and context-aware mechanisms to
enhance the accuracy of phenotypic parameter extraction and
system robustness in complex environments.

To address the challenges posed by the complexity of point
cloud data, researchers have gradually introduced deep learning
methods into the tasks of structural recognition and semantic
segmentation of plant 3D point clouds (Guo et al., 2020b).
Among these, the PointNet++ network has emerged as the
current mainstream architecture for plant point cloud analysis
due to its ability to directly process unordered raw point clouds
and extract multi-scale features (Qi et al., 2017). Guo et al. (2023)
introduced an improved PointNet++ network in organ-level point
cloud segmentation of cabbage, achieving a classi�cation accuracy
of 95% and an intersection-over-union (IoU) of 86%. Turgut et al.
(2022) incorporated an attention mechanism into the original
framework, signi�cantly enhancing point-to-point dependency
modeling capabilities, resulting in a 4% improvement in mIoU
for rose plant point cloud segmentation tasks. Additionally, Du
et al. (2023) proposed the Plant Segmentation Transformer (PST)
based on the Transformer architecture, achieving 93.96% mIoU and
97.07% overall accuracy (OA) in rapeseed point cloud segmentation
frontiersin.org
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experiments. Although these methods have made signi�cant
progress in organ-level segmentation, they still suffer from
insuf�cient structural modeling and limited semantic expression
in typical �eld scenarios characterized by complex structures,
uneven density, and background interference, which affects the
accuracy and robustness of point cloud segmentation. For three-
dimensional measurement of maize stem diameter, Miao et al.
(2022) proposed a method for measuring the morphological
parameters of maize in the �eld based on point cloud image
conversion. They used terrestrial laser scanning (TLS) to obtain
maize point clouds at multiple growth stages and automatically
extracted plant height, stem diameter, and short axis through steps
such as denoising, segmentation, and ellipse �tting. This method
showed good adaptability and accuracy for different varieties and
growth stages. However, lidar equipment is costly and prone to
obstruction in complex �eld environments, limiting its large-scale
application and ability to reconstruct detailed structures. This
indicates that current point cloud measurement methods still
have shortcomings in terms of robustness and �ne modeling.

Although 3D point cloud technology has made signi�cant
progress in the �eld of plant phenotyping, it still faces numerous
challenges in actual �eld environments. Due to high plant density
and the similar morphology and color of adjacent plants, point
cloud data is prone to aliasing and occlusion, making it dif�cult to
accurately segment individual plant boundaries (Wang et al., 2020).
Therefore, effectively integrating the geometric features of 3D point
clouds with the spatial distribution patterns of plant organs, and
optimizing point cloud data processing and feature extraction
strategies, has become a key factor in improving the accuracy and
automation of phenotype parameter extraction. Addressing these
issues, designing targeted feature extraction methods to enhance
structural perception and contextual understanding is an urgent
research priority that requires immediate attention.

The main innovations of this paper are as follows:
Fron
1. To address the complexity of maize stem structures in �eld
conditions and the limited accuracy of traditional
measurement methods, which can only capture local
phenotypic traits, we propose a 3D stem diameter
measurement method that integrates the RLRSA-
PointNet++ network with structural feature �tting. This
method enables high-precision modeling and measurement
of key internode regions during the maize jointing stage,
allowing the acquisition of both major and minor axes of
stem diameter.

2. To address the limitations of point cloud structural
modeling and restricted local semantic expression, we
developed an improved semantic segmentation network
that integrates Relative Position Encoding, Local
Reordering, and Local Region Self-Attention mechanisms,
effectively enhancing the robustness and accuracy of point
cloud semantic recognition.

3. To address the dif�culty of obtaining complete geometric
parameters using conventional image-based methods, we
propose a stem diameter calculation method based on
tiers in Plant Science 03
principal axis extraction and cross-sectional elliptical
�tting with structural feature modeling, enabling
automatic computation of both the major and minor
stem diameters.
The proposed method provides an automated and high-
precision solution for maize stem diameter measurement, which
can promote the development of in-�eld crop phenotyping and
support precision agriculture practices.
2 Materials and methods

2.1 Materials

Maize stem samples were collected from the teaching and
research base of Jilin Agricultural University, located in
Changchun, Jilin Province, China. Data acquisition was
conducted between 15:00 and 18:00 in July 2024 under clear
weather conditions. The spacing between maize plants was 0.3 m,
and the inter-row spacing was 0.6 m. The study focused on the stem
segment from the second node above the ground during the jointing
stage, which is representative and conducive to structural
feature analysis.
2.2 Experimental design

The research content of our study mainly includes data
acquisition, data processing, semantic segmentation of maize
stems and ground background, stem diameter measurement, and
result analysis. The main work is shown in Figure 1.

The three-dimensional measurement of maize stem diameter
during the jointing stage in this study consists of �ve parts: (a) Data
Collection, (b) 3D Reconstruction, (c) Data Annotation,
(d) Semantic Segmentation, and (e) Stem Diameter Measurement.
The overall experimental process is shown in Figure 2.

2.2.1 Data collection
The data collection and multi-view stereo reconstruction

(MVS) (Furukawa and Herna�ndez, 2015) work described in this
paper was completed between July 3 and 10, 2024. To establish
accurate ground-truth measurements for validating the proposed
3D stem diameter estimation method, 72 maize samples at the
jointing stage were selected under �eld conditions. The stem
diameter at the second internode above the ground was manually
measured using a Vernier caliper with a precision of 0.01 mm. To
ensure reliability and minimize human-induced variability,
measurements were independently conducted by two agronomy-
trained experimenters. For each maize sample, researchers collected
data at positions perpendicular to the main axis of the stem,
measuring the diameter at three uniformly distributed locations.
At each measurement point, manual calipers were used to take
measurements along two mutually perpendicular directions. One
direction measured a longer length, while the perpendicular
frontiersin.org
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direction measured a shorter length. Speci�cally, the direction of
maximum diameter corresponded to the major axis of the elliptical
stem cross-section, and its perpendicular direction corresponded to
the minor axis. Each researcher independently measured each data
point. Thus, two researchers measured the major and minor axes at
three positions on the same maize stem. Each stem ultimately yields
six sets of data. The �nal true diameter of the sample is determined
by averaging the valid measurements from both operators. This
manual measurement protocol ensures data reliability and
accuracy, providing precise baseline data for evaluating
automated diameter extraction methods based on 3D point clouds.

The data collection system primarily consists of a smartphone, a
remote-controlled motorized turntable, a three-way adjustable
stand, and a portable power bank with a capacity of 2600 mAh.
To ensure stable, continuous, and reliable image data acquisition in
the �eld environment, the electric turntable was placed horizontally
and secured to the ground during the experiment, while the maize
stem samples were �xed vertically at the center of the turntable to
ensure consistency and integrity of the viewing angle
during rotation.

Our investigation used a smartphone capable of shooting 4K
resolution video as the data collection device. By controlling the
rotating platform to rotate at a low and constant speed, the
Frontiers in Plant Science 04
smartphone was able to capture 360° multi-angle images around
the maize stems. At the same time, a checkerboard calibration plate
was used as a scale reference. During data collection, the
checkerboard calibration plate was placed near the maize plants,
as shown in Figure 3A During data collection, the video recording
frame rate was set to 60 frames per second to ensure clear and
continuous image sequences, thereby improving the accuracy and
integrity of the subsequent 3D reconstruction. Each collection
lasted about 90 seconds, comprehensively covering the external
structural features of the maize stems and the checkerboard
calibration board. Subsequently, key frames were extracted from
the video at a time interval of one frame per second to generate an
image sequence, which was then input into the multi-view stereo
(MVS) algorithm framework to construct a high-density 3D point
cloud, providing a data basis for subsequent semantic segmentation
and morphological feature extraction.

This study uses an OpenMVS-based multi-view stereo vision
method to achieve high-precision 3D reconstruction of maize
stems. First, the Structure from Motion (SfM) (Jiang et al., 2020)
algorithm is used to extract and match feature points from multi-
view images, combine geometric constraints to estimate the external
parameters of the camera, and generate a preliminary sparse point
cloud through triangulation. To improve the reconstruction
FIGURE 1

Main work�ow of the study.
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accuracy, bundle adjustment is introduced in the SfM stage to
jointly optimize the camera parameters and 3D point positions
(Wei et al., 2020).Considering that the point cloud obtained in the
SfM stage is relatively sparse and dif�cult to meet the needs of
subsequent detailed analysis, the MVS algorithm is further
introduced to generate a dense point cloud. This process
estimates the depth map of multi-view images based on the
camera pose restored by SfM, optimizes the depth accuracy
through photometric consistency constraints, and �nally fuses to
generate a high-resolution dense point cloud. To improve point
Frontiers in Plant Science 05
cloud quality, post-processing operations such as denoising and
hole �lling are applied, and the complete geometric structure is
restored using a triangular mesh generation method (Gonizzi
Barsanti et al., 2024).Key parameters for 3D reconstruction are
shown in Table 1.

The focus of this study is on the semantic analysis of dense
point clouds. To reduce the interference of noise on the analysis
results during the reconstruction process, MeshLab is used to
perform texture mapping and geometric optimization on the
generated mesh model, and �nally resampling is performed to
FIGURE 3

Data collection. (A) Data collection device Figure. (B) 3D dense point cloud.
FIGURE 2

Flowchart of the stem diameter 3D measurement experiment: (a) Data Collection, (b) 3D reconstruction, (c) Data annotation, (d) Semantic
segmentation, (e) Stem diameter measurement.
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