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Abstract 

While the root architecture of potted crop seedlings directly determines subsequent crop 
productivity and adaptability, these root systems remain challenging to quantify using con-
ventional methods due to their structural complexity. To investigate the microscopic charac-
teristics of the root systems of pepper seedlings within pots, Micro-CT was employed to scan 
the seedling pots. After three-dimensional (3D) reconstruction was conducted on the data ac-
quired from the pot scans, the 3D model of the root system was segmented and extracted using 
the watershed algorithm. Vertically, the three-dimensional root model was divided from top 
to bottom into four equally spaced regions (a, b, c, and d), showing the volumetric distribution 
characteristics of pepper seedling roots within the pots. The results showed that region a had 
the largest average root volume proportion (29.72%), primarily due to the substantial volume 
contribution of the taproot. Region d followed with an average proportion of 27.26%, resulting 
from root coiling and entanglement at the pot bottom caused by the spatial constraints of the 
seedling tray. The middle regions of the pot, b and c, showed average root volume proportions 
of 23.14% and 19.89%, respectively. To further investigate the influence of root system charac-
teristics on root injury during seedling gripping, the seedlings were categorized into three 
types based on their taproot growth positions. A gripping experiment was conducted on these 
three seedling types using spatula-equipped needles. The results showed that the greatest root 
injury (12.67%) was observed in Type 1 seedlings, which had taproots located closest to the 
needle insertion point. In contrast, the least injury (4.09%) was found in Type 3 seedlings, 
characterized by centrally positioned taproots. Type 2 seedlings, with their taproots growing 
on the side (laterally away from the insertion point), sustained intermediate injury (5.45%). 
This was because their lateral positioning led to an uneven distribution of mechanical stress 
during gripping compared with Type 3 seedlings. A validation experiment conducted on an 
automated seedling retrieval platform confirmed the root injury analysis. The experimental 
results showed maximum root injury in Type 1 seedlings (14.16%), followed by Type 2 (6.03%) 
and Type 3 (4.82%) seedlings, with a successful retrieval rate of 95.29%. These findings were 
consistent with the Micro-CT analysis. This study could provide a theoretical foundation for 
low-injury seedling gripping in fully automated seedling transplanters. 
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1. Introduction 
Raising crop seedlings for transplanting, which enhances both crop yield and quality, 

is the standard practice in modern vegetable production [1,2]. While traditional vegetable 
transplanting relies on manual labor and is inefficient, mechanized transplanting has 
emerged as a key trend to enhance both efficiency and quality [3,4]. The current mecha-
nized vegetable transplanting systems can be categorized into semi-automatic and fully 
automatic systems [5–9]. Semi-automatic transplanting relies on manual seedling grip-
ping, resulting in lower efficiency compared with its fully automatic counterpart [10]. 
However, semi-automatic transplanters dominate the current market. This is because 
fully automatic systems face significant challenges in automated seedling gripping, which 
can lead to high rates of seedling plug injury, missed pick-ups, and other failures [11,12]. 
Moreover, the mechanical picking mechanism may cause injury to the seedlings, ad-
versely affecting their subsequent growth [13]. 

In response to this challenge, numerous studies have been undertaken. Ishizaki et al. 
[14] developed a low-cost vegetable transplanter by adapting a rice transplanter and a 
cuttable nursery mat, and then demonstrated its ability to transplant seedlings efficiently 
at 250 plants min−1 per row. Li et al. [15] developed a novel transplanter with a follow-up 
seedling picking and depositing mechanism. When its speed was synchronized with the 
conveyor, it achieved high depositing accuracy, with a bench test success rate exceeding 
97% at speeds up to 150 seedlings/min. Chen et al. [16] designed a compact, electric-driven 
transplanter for pepper plug seedlings. Its innovative dual-layer seedling conveying and 
sector-expanding picking device achieved high success rates, with static tests showing 100% 
efficiency at 160 plants/min. These studies discussed the influence of pick-up mechanism 
design on both the success rate and efficiency of seedling gripping, thereby contributing 
to the development of fully automatic transplanters. However, they did not analyze the 
injury caused by the insertion mechanism to the seedling root system during the gripping 
process. 

In pot-gripping seedling transplant mechanisms, needle penetration into the sub-
strate inevitably induces root system injury; however, the subsurface nature of this injury 
makes it difficult to quantify using conventional methods [17]. Recent years have wit-
nessed rapid advances in computed tomography (CT), a non-invasive imaging technique 
that has been increasingly adopted in agricultural research owing to its unique capability 
of visualizing internal structures without causing injury [18–21], which allows for a non-
destructive assessment of internal root injury after the seedling gripping operation [22–
26]. Mao et al. [27] utilized CT to scan and reconstruct the root system of tomato plug 
seedlings. By analyzing the root density in different regions of the pot, they investigated 
the root system architecture and distribution characteristics of tomato seedlings. Liu et al. 
[28] conducted CT scanning experiments to investigate the causes of seedling plug injury 
after transplanting. Subsequently, they optimized the needle pick-up parameters by uti-
lizing the root density and pore density, which were derived from the 3D reconstructed 
CT models, as key indicators. Mao et al. [29] employed CT to investigate the causes of 
seedling plug injury during the gripping process. Their analysis subsequently identified 
the key gripping parameters responsible for this injury. These studies have laid the 
groundwork for utilizing CT technology to quantify root system injury following seedling 
gripping. 

To address the challenge of observing the influence of internal root system character-
istics on root injury during automated transplanting of potted seedlings, this study em-
ployed pepper seedlings as the research subject. Computed tomography (CT) was utilized 
to scan the pepper seedling pots. Three-dimensional root architecture models were recon-
structed from the scanned data using the watershed algorithm [30–32], enabling analysis 
of the root system’s characteristics and a systematic investigation of root injury following 
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the gripping of different seedling types. Based on these analyses, a seedling gripping val-
idation experiment was conducted. The aim of this research was to provide a theoretical 
foundation for reducing root system injury during automated mechanical seedling trans-
planting operations. 

2. Materials and Methods 
2.1. Experimental Materials and Instrument 

Figure 1 shows that the experimental material consisted of pepper seedlings with a 
growth period of 40–50 days. The plant material used in this study was the helical-shaped 
pepper (Capsicum annuum L.), a corkscrew chili characterized by its deeply wrinkled and 
twisted pod shape, sourced from Hiers (Shandong) Seedling Co., Ltd. (Shouguang, China). 
The seedling tray measured 540 mm in length and 280 mm in width, featuring a total of 
128 cells arranged in 8 columns and 16 rows (Figure 1a). Each individual pepper seedling, 
along with its substrate, had a total weight of 18.6 ± 3.5 g, a plant height of 163 ± 12 mm, 
and a substrate moisture content of 35 ± 3% (Figure 1b). 

  
(a) (b) 

Figure 1. Pepper seedlings and seedling pot: (a) pepper seedlings in the seedling tray. (b) pepper 
seedling and seedling pot. 

A nanoVoxel-3000 series instrument (Tianjin Sanjing Precision Instrument Co., Ltd., 
Tianjin, China; Figure 2), was used in the experiment. This instrument is equipped with 
an open micro-focus X-ray source, with a maximum voltage of 190 kV and a maximum 
power of 25 W. The system is fitted with a dynamic flat-panel detector, with an active area 
of 300 mm × 250 mm (length × width) and a rated resolution of 0.5 µm. The instrument’s 
operating system is equipped with three software packages: the scanning software 
VoxelStudio-Scan and the reconstruction software VoxelStudio-Recon (both are inte-
grated components of the NanoVoxel-3000 system), and the 3D visualization analysis soft-
ware Dragonfly (version 2024.1, Object Research Systems, Montreal, QC, Canada). This 
integrated suite enables the reconstruction and image post-processing of the acquired CT 
data. 
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Figure 2. Experimental instrument. 

2.2. Experimental Methods 

2.2.1. Scanning Parameter Settings 

To ensure the clarity of the scanned data from the pepper seedling pots, the following 
procedures were required: sample preparation, setting appropriate instrument scanning 
parameters, and adjusting the position of the sample. Additionally, the sample needed to 
be properly immobilized and stably positioned throughout the scanning process. The pot 
sample was extracted from the seedling tray. The pepper seedling stem was severed at 3.5 
± 1.5 mm above the substrate surface. The upper shoot portion was removed, retaining 
only the lower pot sample. This sample was then placed into a low-density PET container 
featuring a cylindrical opening, which securely held the pot and allowed stable placement 
on the sample stage. Prior to operation, the instrument parameters were set as follows: X-
ray source voltage at 95 kV, current at 50 µA, and exposure time at 0.8 s. Subsequently, 
the container with the pepper seedling pot was placed at the center of the sample stage. 
The height of the rotation stage was adjusted such that the sample was aligned with the 
height of the X-ray source (Figure 3). To ensure clear visualization of the internal details 
of the pepper seedling pots, the distances between the rotation stage and the X-ray source 
and between the detector and the rotation stage were adjusted. Using the scanning soft-
ware VoxelStudio-Scan, the transmission rate of the pot was measured and maintained at 
65% ± 5%, while ensuring that the pot image was positioned at the center of the dynamic 
viewing window in the software. 

 

Figure 3. The internal structure of scanning instrument. 
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2.2.2. Three-Dimensional Pot Model Reconstruction 

Following scanning of the pepper seedling pots by the instrument, a series of cross-
sectional images with a voxel size of 42.3 µm were generated (Figure 4). These images 
revealed key internal structures, including the main root of the pepper seedling (A), high-
density substrate particles (B), and the container wall (C). To obtain a three-dimensional 
model from the scanned data, a reconstruction process was applied to the acquired cross-
sectional images. This process primarily involved filtering the images, correcting offsets, 
and defining the reconstruction dimensions. 

 

Figure 4. Acquiring 3D models of pepper seedling pots using Micro-CT. Notes: (A) main root of 
the pepper seedling, (B) high-density substrate particles, (C) container wall. 

2.2.3. Extraction Method for Root System 3D Model 

To investigate the microstructural characteristics of the root system within the pot 
soil, the watershed algorithm was applied to the reconstructed 3D model for root segmen-
tation. The watershed algorithm operates on image grayscale levels to distinguish mate-
rials of different densities. However, its application requires the definition of at least two 
markers—representing the foreground and background (as predefined connected re-
gions)—to guide the algorithm toward accurate image segmentation. 

The watershed algorithm enables the extraction of continuous root systems by em-
ploying an adaptive threshold method to segment roots from heterogeneous substrate. 
However, it fails to capture root fragments that have been severed due to external forces. 
During its application, a manual marker is first placed within the root region in the image. 
The algorithm then automatically compares grayscale values and extracts all connected 
regions sharing the same grayscale as the marker, thereby reconstructing the complete 
continuous root system. Consequently, if the root system within the pot is fractured, the 
resulting discontinuous regions cause the algorithm to halt extraction at the fracture edges 
due to abrupt grayscale transitions. As a result, the root volume extracted by this algo-
rithm from CT images excludes the separated root fragments, thereby providing a basis 
for quantifying root injury in pepper seedlings. 

Due to the presence of various small particles with different densities within the pot 
substrate, complete segmentation of the substrate using the watershed algorithm would 
require setting markers for each connected region of every substrate particle, which is an 
overly complex operation. Therefore, markers were not applied for substrate segmenta-
tion. In the planar slice (top view), the pot’s primary root, substrate, container, and air 
were distinctly identifiable. Therefore, three markers—Marker 1, Marker 2, and Marker 
3—were set on this planar slice as initial points for the algorithm application. These mark-
ers were positioned to correspond to the regions of the primary root, air, and pot container, 
respectively, in the top-view slice. Each marker had an actual diameter of 0.5 mm (Figure 
5). 

To ensure the segmentation accuracy of the watershed algorithm, the three-dimen-
sional model of the pot was filtered prior to image segmentation. A Sobel filter was 
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applied to enhance the edges of the pot model (Figure 6). In the edge-enhanced images, 
boundaries between materials of different densities became more distinct, particularly at 
the interface between the root system and the substrate. This improvement facilitated 
more precise segmentation by the watershed algorithm, as it could then operate on these 
accentuated boundaries. 

 

Figure 5. Setting markers in the top-view slice. 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 6. Slice images of a pot before and after filtering: (a) top-view slice; (b) front-view slice; (c) 
left-view slice; (d) filtered top-view slice; (e) filtered front-view slice; (f) filtered left-view slice. Notes: 
The colored lines indicate the positions of the corresponding CT slices. 

Figure 7 shows that the watershed algorithm was applied to the filtered 3D image of 
the pot using the three markers, resulting in segmented 3D representations of the different 
materials corresponding to each marker (displayed in the same colors as their respective 
markers). These include comprised the 3D root system model, the 3D air volume, and the 
3D container model. Here, the 3D air volume represents the air within the reconstruction 
region set during data processing. During algorithm execution, air was treated as the 
background. The 3D air volume was subsequently hidden to visualize the root system and 
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container models. By further hiding the 3D container model, the root system model was 
isolated. The root system volume was then calculated by multiplying the voxel count in 
the segmented 3D root model by the volume of a single voxel. 

 

Figure 7. Root system extraction process. 

To validate the accuracy of the root system extracted by the watershed algorithm, the 
actual root volume of the pot was measured using the water displacement method. The 
error rate (𝜀஺ு) between the root volume extracted by the algorithm and the manually 
measured root volume was calculated using the following formula: 𝜀஺ு ൌ |𝑉஺ − 𝑉ு|𝑉ு ൈ 100% (1)

where 𝑉஺ represents the algorithm-extracted root volume, while 𝑉ு represents the man-
ually measured root volume. The validation was performed using 30 seedling pots, where 
both the algorithm-extracted root volume and the root volume physically measured by 
means of water displacement were recorded for each pot, and the error rate was calculated. 

2.2.4. Characterization Method for Root System 

As observed in the three-dimensional root architecture of the seedling plug (Figure 
8), the pepper seedling root system consists primarily of a dominant taproot and multiple 
radiating lateral roots. Most lateral roots traverse along the outermost region of the plug, 
effectively encasing the substrate. This structural configuration enhances the mechanical 
integrity of the plug, reducing the risk of injury during transplanting operations. 

 

Figure 8. Root system 3D model in pepper seedling pot. 

Figure 9 shows that the root system model was evenly divided into four regions (a, 
b, c, and d). Using the clipping tool in Dragonfly, the 3D root model was uniformly seg-
mented into four volumes. The volume of each region (Vୟ, Vୠ, Vୡ, and Vୢ) was calculated 
based on its voxel count. The ratio of the root volume in each region to the total root 
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volume (V଴) was then determined. This experiment was conducted using 30 pepper seed-
ling pots, with the root volume distribution across the four regions calculated and rec-
orded for each sample. To eliminate the influence of variations in the total root volume 
between samples on the analysis results, this study adopted the ratio of each region’s vol-
ume to the total volume as the analytical characteristic. This approach ensured that the 
obtained characteristic data were dimensionless and scale-invariant. 

 

Figure 9. A schematic diagram of root volume division in the pot. 

2.2.5. Test Method for Root Injury During Gripping 

To investigate the influence of root system characteristics in pepper seedling pots on 
gripping-induced root injury, the seedlings were categorized based on their taproot 
growth position, and a pot gripping experiment was performed. The seedling tray cells 
(the individual potting units) measured 30 mm × 30 mm at the top edge and 12 mm × 30 
mm at the bottom edge, with a height of 40 mm. If the taproot of a pepper seedling devel-
oped within the central area of the tray cell, it was classified as a central seedling; other-
wise, it was categorized as an edge seedling. For edge seedlings, the taproot may grow 
near any of the four inner walls of the cell. The extent of root injury during gripping varies 
significantly depending on the orientation of the inner wall adjacent to the taproot. During 
the gripping process, two spatula-equipped needles were used, arranged in a symmetrical 
configuration. Based on the top-view analysis of the seedling tray, as shown in Figure 10, 
the tray was divided equally along Direction 1 and Direction 2. The gripping-induced root 
injury was consistent when the taproot was adjacent to either the left or right inner walls 
of the cell; similarly, equivalent injury was observed when the taproot was close to the top 
or bottom inner walls. Therefore, edge seedlings were categorized into Type 1 and Type 
2 based on the orientation of the inner wall closest to the taproot. In summary, the exper-
imental factor in this study consisted of three types of pepper seedlings: Type 1 edge seed-
lings, Type 2 edge seedlings, and central seedlings. 

The experimental evaluation metric was root injury. With the root volume of the 
seedling pot extracted before gripping denoted by 𝑉ଵ, and the root volume extracted after 
gripping denoted by 𝑉ଶ, the root injury 𝛿 was calculated as follows: 𝛿 = 𝑉ଵ − 𝑉ଶ𝑉ଵ × 100% (2)

The experiment was conducted using spatula-equipped needles with a gripping 
depth of 35 mm (Figure 11). Seedlings of the three different types were gripped to analyze 
the root injury specific to each type. The experiment utilized a total of 30 pepper seedlings. 
Based on the root-shoot axis growth zone, the seedlings were categorized into three 
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groups, each representing one seedling type, with 10 seedlings per group. These groups 
were then sequentially scanned using CT. The experimental procedure was as follows: 

(1) Each group of 10 pepper seedlings was labeled and sequentially scanned in the CT 
system. Following the initial scan of each seedling, a gripping procedure was applied 
at a depth of 35 mm using the seedling extraction mechanism. The seedling was then 
rescanned in the CT system. This procedure yielded 20 CT datasets per group (10 
pre-gripping and 10 post-gripping), resulting in a total of 60 CT datasets for the entire 
experiment. 

(2) Three-dimensional image reconstruction was performed on the raw CT data ob-
tained from scanning the pot samples. 

(3) The reconstructed image data were post-processed using Dragonfly software. The 
watershed algorithm was applied to extract three-dimensional root models and cal-
culate the corresponding root volumes. Changes in root volume before and after the 
gripping process were systematically recorded. 

 

Figure 10. Schematic diagram of seedling type classification. 

 

Figure 11. Schematic diagram of seedling gripping. 
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3. Results and Discussion 
3.1. Root System Distribution Characteristics of Pepper Seedling Pots 

Figure 12 shows that among the four pot regions, region a exhibited the largest aver-
age root volume of 452.33 mm3, while region c showed the smallest average root volume 
of 302.21 mm3. The average root volumes of region b and region d fell between these val-
ues, measuring 352.05 mm3 and 414.85 mm3, respectively. This distribution pattern arises 
because lateral roots grow outward from the taproot, resulting in dense lateral root devel-
opment in the upper taproot section. The upper portion of the taproot, being thicker, is 
primarily located in region a, while the taproot diameter gradually decreases toward the 
lower part of the pot; this corresponds to a reduction in volume (Figure 13). However, due 
to spatial constraints imposed by the inner walls and bottom of the seedling tray, root 
growth is unable to extend further downward. Instead, roots accumulate and coil at the 
bottom of the tray, leading to the increased root volume observed in region d (Figure 14). 

 

Figure 12. Box plot of root system volume distribution. 

 

Figure 13. Taproot morphological characteristics in pepper seedling pots. 

As shown in the scatter plot of root volume proportions across the four regions (Fig-
ure 15), region a accounted for the largest share; its root volume represented an average 
of 29.72% of the total root volume, primarily due to the substantial contribution of the 
taproot. Region d followed, with an average proportion of 27.26%, resulting from re-
stricted root extension leading to root accumulation in this region. The average propor-
tions in regions b and c were 23.14% and 19.89%, respectively. However, in some of the 
30 samples, the proportion in region c exceeded that in region b. This anomaly occurred 
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when the taproot was not centrally positioned, causing asymmetric distribution of the 
lateral roots. Furthermore, due to spatial constraints imposed by the inner walls and bot-
tom of the seedling tray, once root growth reached saturation in region d, roots extended 
further upward into region c; this led to the observed higher proportion in region c com-
pared with region b (Figure 16). 

 

Figure 14. Morphological characteristics of the root system at the pot bottom. 

 

Figure 15. A scatter plot of root volume proportions across the four regions. 

Table 1 shows that both the standard deviation (SD) and coefficient of variation (CV) 
for the volume proportions across the four regions were relatively low. Specifically, re-
gions a and d exhibited particularly low coefficients of variation at merely 1.38% and 
1.32%, respectively, indicating minimal data variability. In contrast, regions b and c 
showed higher coefficients of variation of 5.96% and 7.69%, respectively. This greater var-
iability can be attributed to the distinctive distribution characteristics of the root system 
within these regions. 

Figure 17, the algorithm validation results demonstrated that the error rate between 
the algorithm-extracted root volume and the manually measured root volume had an av-
erage value of 4.43%, with maximum and minimum values of 6.51% and 2.63%, respec-
tively. These results indicate a relatively small discrepancy between the algorithm-ex-
tracted and manually measured root volumes, demonstrating good accuracy of the algo-
rithm. 
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Figure 16. Root system distribution characteristics of edge seedlings. 

Table 1. Volume proportion results for the four regions. 

Regions Average  
(%) 

SD  
(%) 

CV  
(%) 

a 29.72 0.41 1.38 
b 23.14 1.38 5.96 
c 19.89 1.53 7.69 
d 27.26 0.36 1.32 

To further evaluate the error between the algorithm-extracted and manually meas-
ured values, a linear regression analysis was performed on the measurement data, along 
with an analysis of the standard deviation (SD) and coefficient of variation (CV). As shown 
in the linear regression results in Figure 18, the regression equation yielded an R2 of 0.87 
and an RMSE of 40.34 mm3, indicating a strong fit between the algorithm-extracted and 
manually measured values. Table 2 shows that the standard deviation of the algorithm-
extracted values was 107.70 mm3, with a CV of only 6.51%, demonstrating low variability 
in the algorithm-based measurements. In parallel, the manually measured values exhib-
ited a standard deviation of 111.53 mm3 and a CV of 6.99%. Although slightly higher than 
that of the algorithm-extracted values, the variability remained at a relatively low level. 

The observed differences are primarily attributed to two factors: 
(1) During extraction, the algorithm inadvertently includes substrate particles that 

are tightly adhered to the roots and have grayscale values similar to those of the roots, 
leading to an overestimation of the root volume. 

(2) The algorithm fails to detect extremely fine roots, such as those resulting from 
poor development or other growth limitations. 
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Figure 17. Scatter plot of algorithm-human comparative error rates in root volume. 

 

Figure 18. Linear regression analysis of manually measured and algorithm-extracted results. 

Figure 19 presents a case of root fracture in a potted seedling. The 3D model of the 
pot after gripping (shown in gray-white) is compared with the root architecture extracted 
by the watershed algorithm (shown in yellow-green), where matching regions are super-
imposed. From an examination of the discrepant areas between the two models, it is evi-
dent that the watershed algorithm failed to capture the fractured root segments, thereby 
resulting in a measured difference in root volume before and after the gripping process. 

Table 2. Algorithm-extracted and manually measured results. 

Methods 
Average  

(mm3) 
SD  

(mm3) 
CV  
(%) 

Algorithm 1654.83 107.70 6.51 
Manual 1594.67 111.53 6.99 
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Figure 19. A case of root fractures that were undetected by the algorithm. 

3.2. Root System Injury from Gripping 

Figure 20 shows that the changes in the root volume of different seedling types after 
gripping revealed that Type 1 seedlings had an average root volume of 1599.22 mm3 be-
fore gripping, which decreased to 1397.58 mm3 after gripping. The resulting average re-
duction in root volume was 201.64 mm3, which was the largest when compared with the 
reductions observed in Type 2 (85.57 mm3) and Type 3 (64.20 mm3) seedlings. This indi-
cates that Type 1 seedlings experienced either a greater number of root fractures or a larger 
volume of root loss during gripping, significantly impacting the integrity of their root sys-
tems. 

 

Figure 20. Box plot of root volume for different pot types pre- and post-gripping. 

As shown in Figure 21, the average root injury for Type 1 seedlings after gripping 
was 12.67%, with maximum and minimum values of 15.40% and 10.71%, respectively. 
Compared with Type 2 (5.45%) and Type 3 (4.09%) seedlings, Type 1 seedlings exhibited 
the greatest average root injury, indicating a greater volume of root fractures after grip-
ping. This is attributed to the proximity of the taproot in Type 1 seedlings to the needle 
insertion point. During gripping, the needles damaged the dense lateral root zone near 
the upper portion of the taproot, causing numerous lateral roots to fracture close to the 
taproot and resulting in a large volume of broken lateral roots. Additionally, the relatively 
thick taproot itself was prone to fracture due to the gripping action. In contrast, Type 3 
seedlings showed the least root injury, as their taproots were centrally positioned and 
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away from the needle insertion area. Root fractures in these seedlings occurred farther 
from the taproot, leading to a smaller volume of root loss. Type 2 seedlings exhibited 
slightly greater root injury than Type 3 due to their lateral taproot growth. Besides direct 
needle penetration, these seedlings were subjected to tearing forces from the needles dur-
ing gripping. Even minimal displacement of the needles within the pot, resulting from the 
applied gripping force, was sufficient to break fine roots. 

 

Figure 21. Scatter plot of root injury levels in different seedling types post-gripping. 

According to Table 3, Type 1 seedlings showed a relatively large standard deviation 
(SD) in their root injury level (1.44%), yet they have the smallest coefficient of variation 
(CV, 11.37%). This indicates that while the absolute dispersion range of the root injury 
data for Type 1 seedlings was wide, the relative dispersion around the average was com-
paratively low, meaning that the data points were relatively concentrated close to the av-
erage value. Type 2 seedlings exhibited the largest coefficient of variation, suggesting the 
greatest relative dispersion in their root injury data. Type 3 seedlings demonstrated the 
smallest standard deviation, reflecting the lowest absolute dispersion. Overall, however, 
the coefficients of variation for all data remained at a relatively low level of dispersion. 

Table 3. Root injury results from the gripping experiment. 

Types Average  
(%) 

SD 
(%) 

CV 
(%) 

1 12.67 1.44 11.37 
2 5.45 0.97 17.80 
3 4.09 0.56 13.69 

3.3. Statistical Analysis Results 

To determine whether significant differences existed between the datasets, a one-way 
analysis of variance (ANOVA) was performed on the root volume proportions of the four 
regions and the root injury data of the three seedling types using DPS software (Data Pro-
cessing System, v9.01), followed by Tukey’s HSD post hoc test. 

The ANOVA results for the root volume proportions across the four regions are pre-
sented in Table 4, indicating a highly significant difference (F(3, 116) = 497.19, p < 0.001). 
Tukey’s post hoc test (Table 5) demonstrated that the volume proportions for any two 
regions differed significantly at both the α = 0.05 and α = 0.01 levels. 
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Table 4. ANOVA of root volume proportions across the four regions. 

Source of Variation 
Sum of 
Squares df Mean Square F-Value p-Value 

Between Treatments 1708.76 3 569.59 497.19 <0.001 
Within Treatments 132.90 116 1.15   

Total 1841.65 119    
Note: p < 0.001 indicates a highly significant difference. 

Table 5. Results of Tukey’s post hoc test. 

Regions 
Average  

(%) 
0.05 Significance Level 0.01 Significance Level 

a 29.79 a A 
d 27.26 b B 
b 23.14 c C 
c 19.89 d D 

Note: Different lowercase letters within the same column indicate significant differences at the 0.05 
level; different uppercase letters indicate significant differences at the 0.01 level. 

The one-way ANOVA results for the root injury levels of the three seedling types are 
presented in Table 6, indicating a highly significant difference between the types (F(2, 27) 
= 189.55, p < 0.001). Tukey’s post hoc test (Table 7) revealed that at the α = 0.05 level, all 
pairwise comparisons between seedling types showed statistically significant differences. 
However, under the more stringent α = 0.01 criterion, no significant difference in root in-
jury was detected between Types 2 and 3 seedlings. 

Table 6. ANOVA of root injury data for the three seedling types. 

Source of Variation 
Sum of 
Squares 

df Mean Square F-Value p-Value 

Between Treatments 298.86 2 149.43 189.55 <0.001 
Within Treatments 21.26 27 0.79   

Total 320.12 29    
Note: p < 0.001 indicates a highly significant difference. 

Table 7. Results of Tukey’s post hoc test for root injury. 

Types 
Average  

(%) 
0.05 Significance Level 0.01 Significance Level 

1 12.67 a A 
2 5.45 b B 
3 4.09 d B 

Note: Different lowercase letters within the same column indicate significant differences at the 0.05 
level; different uppercase letters indicate significant differences at the 0.01 level. 

3.4. Validation Experiment of Seedling Gripping 

To validate the analytical results regarding the influence of seedling growth position 
on root injury during seedling gripping, a verification experiment was conducted using 
255 pepper seedlings (comprising the three distinct types in equal numbers). Prior to the 
experiment, seedlings of each type were individually labeled. The experimental device is 
shown in Figure 22. The gripping mechanism primarily consisted of spatula-equipped 
needles and a spring-loaded pull rod. During the gripping process, the needles penetrated 
the substrate and the inter-needle spacing was simultaneously reduced, achieving the 
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minimum distance at the optimal gripping depth of 35 mm. The needle spacing increased 
during retraction. Throughout the experiment, the device operated at this consistent grip-
ping depth of 35 mm. To analyze the extent of root injury caused by gripping, the water 
displacement method was employed to measure the volumes of both the severed root 
fragments and the remaining root system after gripping. The total root volume was cal-
culated as the sum of the volumes of the severed and remaining roots. 

 

Figure 22. Device for seedling gripping experiment. Notes: 1. thin-film pressure sensor; 2. spatula-
equipped needles; 3. spring-loaded pull rod. 

The experimental device successfully gripped 243 seedlings, with 12 pepper seed-
lings not successfully gripped, resulting in a gripping success rate of 95.29%. Root volume 
measurements were conducted on the 243 successfully gripped seedlings (comprising 77 
Type 1, 82 Type 2, and 84 Type 3 seedlings), and the results are presented in Table 8. Type 
1 seedlings exhibited the highest values for the average root injury, standard deviation 
(SD), and coefficient of variation (CV) at 14.16%, 2.23%, and 15.75%, respectively. Type 2 
seedlings followed, with an average root injury of 6.03%, a standard deviation of 0.78%, 
and a coefficient of variation of 12.94%. Type 3 seedlings showed the lowest values, with 
an average root injury of 4.82%, a standard deviation of 0.78%, and a coefficient of varia-
tion of 12.94%. Regarding the average root injury across seedling types, these results are 
consistent with those from the CT scanning analysis. 

Table 8. Root volume and injury levels before and after the gripping experiment. 

Seedling Types 
Average  

(%) 
SD 
(%) 

CV 
(%) 

Type 1 14.16 2.23 15.75 
Type 2 6.03 0.78 12.94 
Type 3 4.82 0.49 10.16 

The mechanical interaction between the insertion needles and the pot substrate di-
rectly governs the extent of root injury. To characterize this relationship, thin-film pres-
sure sensors were mounted on the inner tips of the spatula-equipped needles. With the 
sampling frequency set at 25 Hz (one force measurement per 0.04 s), the system could 
monitor the force exerted on the needle tips in real-time throughout the gripping process. 

As shown in Figure 23, during the initial needle insertion (before point a), the thin-
film pressure sensors exhibited minimal response due to incomplete contact with the sub-
strate. This resulted in relatively stable force curves for both Channel 1 and Channel 2, 
with values maintained around 0.2 N. As the needles penetrated toward the optimal 
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gripping depth (from point a to b), the gripping force increased rapidly within 0.4 s: Chan-
nel 1 rose from 0.28 to 3.55 N, while Channel 2 increased from 0.28 to 3.24 N. The differ-
ence in peak force between the two channels was attributed to variations in substrate com-
position near their respective sensors. During needle retraction (from point b to c), the 
gripping force initially declined gradually before dropping sharply. Channel 1 decreased 
slowly to 2.88 N before plunging to 0.35 N, and Channel 2 followed a similar pattern, 
declining to 2.55 N before falling rapidly to 0.35 N. This two-stage decline occurred be-
cause the substrate initially loosened gradually while partially adhering to the sensor sur-
faces, delaying force reduction. As retraction continued, the attached substrate detached, 
leading to a rapid force drop until the needles were fully withdrawn (point c), when forces 
stabilized again. 

 

Figure 23. Force curve during seedling gripping with insertion needles. Notes: (a) initial needle 
insertion, (b) peak force, (c) complete needle withdrawal. 

4. Discussion 
This study analyzed the microstructural characteristics of the root systems of potted 

pepper seedlings and quantified the root injury caused by transplant gripping, providing 
a reliable theoretical basis for optimizing the design of low-injury transplanting equip-
ment. First, regarding the design of gripping components, since root injury originates 
from needle insertion, future transplant needle designs should consider their geometric 
configuration (e.g., utilizing finer needles to reduce injury during insertion) and spatial 
arrangement (e.g., avoiding the taproot growth position). Second, for operational param-
eter optimization, the gripping depth should be selected to avoid penetrating the high-
density root zone at the bottom of the pot. Furthermore, from an agronomic perspective, 
this study strongly supports cultivating seedlings with taproots centrally positioned 
within the cell, as such seedlings demonstrate significantly lesser root injury when sub-
jected to mechanical transplanting. 

The health of the seedling root system is crucial for subsequent plant development 
and future yield assurance. Although this study did not track the growth of seedlings after 
transplant injury, Gallegos-Cedillo et al. [33] systematically demonstrated, through com-
parisons of different nursery methods and cultivation techniques, that root system injury 
in seedlings is a major risk factor reducing survival rates and yield. An intact, well-devel-
oped root system can more efficiently utilize water and nutrients and establish symbiotic 
relationships with beneficial microorganisms, thereby enhancing drought tolerance and 
stress resistance. However, it is noteworthy that Galindo-Reyes et al. [34] found that 
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controlled, symmetrical root pruning in mirasol chili peppers could stimulate compensa-
tory growth in the plants, ultimately leading to increased yield. This result indicates that 
appropriate root injury is not necessarily entirely detrimental to seedling growth. Since 
mechanical transplanting causes non-selective, random physical injury, the impact of such 
root system damage on seedling survival and yield requires further detailed experimental 
investigation. 

Furthermore, Liu et al. [27–29] utilized Micro-CT to scan seedling pots and obtained 
three-dimensional root system models through threshold-based segmentation. They 
noted that when threshold segmentation was used for root extraction, small substrate par-
ticles were often co-extracted, making it difficult to achieve complete root system isolation. 
In contrast, although the watershed algorithm employed in this study could extract more 
complete root systems to a greater extent, the extracted results still contained trace 
amounts of non-root materials, posing significant challenges for precise quantification of 
the root volume within the pot. Therefore, future research should focus on developing 
more reliable CT image segmentation methods specifically for root systems. 

5. Conclusions 
1. Based on a Micro-CT analysis of the microstructural characteristics of pepper seed-

ling root systems, the roots were divided vertically into four equally spaced regions 
(a, b, c, d). The results showed that region a had the largest average root volume 
proportion (29.72%), followed by region d (27.26%). Region b exhibited a slightly 
greater proportion than region c, with average values of 23.14% and 19.89%, respec-
tively. These root distribution characteristics provide a theoretical foundation for the 
design of low-injury seedling gripping mechanisms in fully automatic pepper seed-
ling transplanters. 

2. Gripping-induced root injury was investigated for three seedling types characterized 
by different taproot positions. The results demonstrated that the taproot location sig-
nificantly influenced root injury. Type 3 seedlings, with their taproots positioned cen-
trally within the pot, sustained the least root injury (average 4.09%). In contrast, Type 
1 seedlings, whose taproots were located directly at the gripping location, exhibited 
the most severe injury (average 12.67%). Although Type 2 seedlings had taproots po-
sitioned away from the immediate gripping location, their lateral placement within 
the pot still resulted in slightly greater injury than that for Type 3, with an average 
value of 5.45%. These findings provide a basis for optimizing seedling cultivation 
practices and adjusting transplanting parameters. 

3. The seedling gripping validation experiment confirmed the accuracy of Micro-CT for 
analyzing root distribution characteristics and gripping-induced root injury. The 
tests also demonstrated the effective operational performance of the needle-based 
gripping mechanism, achieving a gripping success rate of 95.29%. For seedlings with 
centrally positioned taproots, the gripping-induced root injury was only 4.82%. 
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