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Abstract:  13 

Bamboo is a natural fiber composite with layered structure. Millions of years of 14 

evolution have endowed bamboo with the most effective structure in nature. The 15 

ingenious microstructure provides bamboo with excellent mechanical properties. 16 

Bamboo culm is composed of the cortex, a middle layer, and a pith ring. The cortex 17 

refers to the area starting from the periphery of the culm wall to the vascular bundles. 18 

The present study obtained the two-dimensional microstructure of bamboo cortex cells 19 

by optical microscopy and characterized the three-dimensional structure through high-20 

resolution X-ray microtomography (µCT). Based on the analysis, the bamboo cortex 21 

cells were classified into four layers: epidermis layer, hypodermis layer, transitional 22 

layer, and parenchyma layer. The average pore volume of the bamboo cortex was about 23 

1.54×10-6 mm3, the porosity was 36.1%, and the relative density was 0.639. The 24 

epidermis layer, hypodermis layer, transition layer, and parenchyma layer cells had a 25 

cell cavity volume of 917.81 µm3, 714.22 µm3, 1258.19 µm3, and 3117.65 µm3, 26 

respectively, an average length3d (L) of 19.38 µm, 25.84 µm, 26.46 µm, and 34.88 µm, 27 

respectively, an average breadth3d (W) of 14.11 µm, 9.44 µm, 15.22 µm, and 16.6 µm, 28 

respectively, and sphericity of 0.85, 0.76, 0.75, and 0.78, respectively. Studies on 29 

bamboo anatomical structure, especially three-dimensional digital characterization, 30 

will enrich the bamboo microstructure database. Besides, the three-dimensional 31 

structure of the bamboo cortex revealed in this study can provide a reference for 32 

optimizing composite material hierarchy and biomimetic design. 33 

Keywords: Moso bamboo; Cortex; Quantitative characterization; Micro-CT; 34 

Introduction  35 

Bamboo is a natural, functionally graded composite material widely distributed in 36 



the tropical, subtropical, and temperate regions (Nogata et al. 1995; Amada et al. 1996). 37 

Bamboo culms and woven mats have been used for millennia in traditional construction 38 

(Jiang 2007; Lucas 2013). The excellent flexibility (Fang et al. 2018) and damage 39 

tolerance (Low et al. 2006) properties of bamboo are closely related to its 40 

microstructural features. Millions of years of evolutionary optimization have endowed 41 

bamboo its ingenious structure, with excellent mechanical properties and the ability to 42 

adapt to environmental challenges. The bamboo culm wall is solid part of bamboo culm 43 

which consists of three layers, called the inner, middle, and outer layers. The outer layer 44 

called the cortex presents a watertight seal to prevent moisture loss from the living culm 45 

(Liese et al. 2015). Its middle layer, which is the main component, is composed of 46 

optimized unidirectional fiber-reinforced composites with cellular parenchyma as the 47 

matrix (Habibi et al. 2015). The fibers are the major components that provide the 48 

strength and toughness of bamboo (Lo et al. 2004; Zou et al. 2009). Finally, the inner 49 

part of the culm wall called pith ring is composed of thick-walled stone cells. Pith cavity 50 

surrounded by stone cells is critical for bamboo to overcome bending force during its 51 

fast growth (Guo et al. 2019). 52 

Researchers have expounded on the structure of bamboo culm over the years. 53 

These studies mainly focused on the fibers, parenchyma cells and vascular bundle 54 

(Chen et al. 2020; Song et al. 2017; Chen et al. 2019; Chen et al. 2020; Dixon et al. 55 

2014; Lian et al. 2020; Palombini et al. 2016; Palombini et al. 2020; Wu et al. 2021). 56 

Besides, few studies analyzed the cortex of bamboo. Liese et al. reported that the 57 

bamboo cortex contains epidermis and hypodermis, and the primary function of 58 

bamboo's cortex is to block water and protect the tissues (Liese et al. 1998). Meanwhile, 59 

Wang et al. found that the contact angle of the untreated bamboo surface was 114˚, 60 

indicating a hydrophobic surface (Wang et al. 2020). Cui et al. noted that the silica in 61 

the bamboo cortex forms a perfect bonding interface to cellulose fibers. Moreover, the 62 

presence of silica significantly increased the critical stress of random cracks in the 63 

bamboo cortex (Cui et al. 2021). Besides, the strength is the highest along the outside 64 

surface and the lowest along the inside surface when bamboo is bent under stress (Tan 65 

et al. 2011). Thus, the cortex plays an important role in providing bamboo with the 66 



resist bending property. The features of the cortex also assist in bamboo identification 67 

(Ghosh et al. 1960). 68 

 69 

Fig. 1. Bamboo culm composition and structure characterization using µCT. A Bamboo stem; B 70 

Top portion of the stem (Palombini et al. 2020); C Nodal region of the apical stem (Palombini et al. 71 

2020); D Three-dimensional CT reconstruction of vascular bundles of the nodal bamboo region with 72 

secondary branching (Palombini et al. 2020); E Bamboo node; F Radial section of the bamboo node; 73 

G Three-dimensional μCT reconstruction of node (Palombini et al. 2016); H Bamboo internode; I 74 

Sample used to obtain the three-dimensional structure of parenchyma and vascular bundle in 75 

bamboo internode; J Three-dimensional μCT reconstruction of bamboo parenchyma (Palombini et 76 

al. 2020); K Three-dimensional μCT reconstruction of the vascular bundle (Wu et al. 2021). 77 

Studies on the structure of bamboo provide details on the geometric and material 78 

parameters necessary to understand its mechanical and biological functions better. 79 

However, studies on the bamboo cortex have been mainly on two-dimensional 80 

characterization due to the lack of three-dimensional analysis of structural features. X-81 

ray microtomography (µ-CT), one of the most powerful techniques used for the three-82 

dimensional analysis of material microstructure due to high resolution and non-invasive 83 

features (Landis et al. 2010), has been used in wood and bamboo structure. Dixon et al. 84 

(2018) used µ-CT to collect bamboo parenchyma tissue images and 3D printing 85 

technology to study its mechanical properties. Palombini et al. (2020) obtained the 86 

shape and parameters of bamboo internode parenchyma cells (Fig. 1J) and vascular 87 



bundles in the bamboo node (Figs. 1D and 1G) (Palombini et al. 2016). Wu et al. (2021) 88 

reconstructed the bamboo vascular bundles (Fig.1K) and parenchyma cells in the 89 

bamboo internode and calculated the area and diameter of the parenchyma cells. In 90 

addition, some scholars used X-ray computed tomography (CT) to measure the density 91 

distribution of Moso bamboo (Huang et al. 2015). These researches proved that X-ray 92 

microtomography is an effective method to obtain the three-dimensional anatomical 93 

structure of bamboo. However, no studies have used this technique for the three 94 

dimensional analysis of bamboo cortex. 95 

The present study analyzed the structure of bamboo cortex cells by optical 96 

sectioning and high-resolution CT. The bamboo cortex cell parameters, including a 97 

three-dimensional model and the structural features, were noninvasively obtained by 98 

X-ray micro-computed tomography (µCT). The study’s findings will improve our 99 

understanding of the anatomical structure of bamboo cortex cells, and explain the 100 

relationship between the anatomical structure and the mechanical and growth of 101 

bamboo.  102 

Materials and methods 103 

Sample preparation  104 

Four-year-old bamboo plants (Phyllostachys heterocycla) were obtained from 105 

Taiping, Anhui Province, China. The tenth bamboo tube from the ground was used as 106 

the experimental material in this study (Figs. 2A and B). The sample used to obtain the 107 

three-dimensional microstructure of bamboo cortex was first air-dried at a temperature 108 

of 23 ℃ and relative humidity of 46% and then processed into small pieces of about 2 109 

mm × 2 mm × 2 mm (L×R×T; Fig. 2D). These samples used to obtain bamboo cortex 110 

slices were softened in hot water (60 ℃) for 5 days (Fig. 2F). Figues 2H and I were the 111 

radial section and cross-section slices with a thickness of 10–20 μm were obtained by 112 

flat push slicer (Leica SM2000R). The slices were observed, and images were captured 113 

under LM. The length (L) and width (W) of the lumen and the thickness of the wall 114 

were measured using the cross-section and radial section slices, respectively. 115 

Measurement of each parameter was repeated 50 times, and the values were represented 116 

as an average. Anatomical features of the cortex cells were measured in ImageJ 117 



software (http://rsb.info.nih.gov/ij). 118 

 119 

Fig. 2 Schematic illustrating sample preparation and test method. A Bamboo; B 120 

Bamboo internode; C Cross-section of bamboo culm; D Bamboo cortex sample for 121 

µCT test; E 3D Reconstruction model of bamboo cortex; F Sample softening; G 122 

Paraffin slice sectioning; H Radial section slice of the bamboo cortex; I Cross section 123 

slice of bamboo cortex. (Scale bar =100 μm). 124 

X-ray microtomography (μCT) 125 

The samples were individually scanned via high-resolution microtomography 126 

(Bruker SKYSCAN 2214, Bruker, Germany). The sample is attached to a special 127 

cylindrical sample holder. Due to the small size, the bamboo cortex sample was entirely 128 

within the field of view. The sample was then scanned with an X-ray source at a voltage 129 

of 55 kV and a current of 160 µA, resulting in a voxel size of 0.8 µm after binning. A 130 

total of 1217 projections were obtained from the sample by the CCD camera; The 131 

images were combined in the software (DATAVIEWER)provided by the manufacturer 132 

to obtain the gray image in BMP format.  133 

Reconstruction and data analysis 134 

The open-source FIJI/ImageJ software was used to select the bamboo cortex as the 135 

region of interest (Fig. 3A). Then, the selected region was imported into Avizo software 136 

(FEI, Hillsboro, Oregon, USA), and the images were processed. Figure 3 shows the 137 

processing of the image stack in Avizo software. The gray-scale slice image of the 138 

region of interest was first imported (Fig. 3B) into the software, and the brightness and 139 



contrast were adjusted (Fig. 3C). Then, image denoising was done using the non-local 140 

means filter (Fig. 3D), and the interactive threshold segmentation (Fig. 3E) and hand 141 

segmentation (Fig. 3F) were carried out. Figue 2E was the 3D reconstruction model of 142 

bamboo cortex. 143 

 144 

Fig. 3 X-ray microtomography image stack processing: A Original slice; B Region of 145 

interest; C Brightness and contrast adjustment; D Non-local means filtering; E 146 

Interactive threshold segmentation; F Hand segmentation. 147 

Cellulose and other carbon-based compounds readily absorb X-rays, and the 148 

difference in X-ray attenuation between plant tissue and the surrounding air provides 149 

excellent contrast (Brodersen 2013). Therefore, the absorption of X - ray by bamboo 150 

cell wall and cell cavity is obviously different, the gray values presented by the cell 151 

wall and the cell cavity were significantly different. Interactive threshold segmentation 152 

was used to separate the pores from the cell wall. Few cells that failed to achieve ideal 153 

segmentation were separated by hand segmentation. The segmented image was used to 154 

obtain the three-dimensional imaging and related data collection in Avizo. The cortex 155 

cell volume, surface area, slenderness ratio, and sphericity were calculated using the 156 

Avizo software. Here, length3d (L) represents the maximum Feret diameters of the cells, 157 

and breadth3d (W) represents the largest distance between two parallel lines touching 158 

the cell without intersecting it and lying in a plane orthogonal to the maximum three-159 

dimensional Feret diameter.  160 



The volume of the selected region (VRi) was determined using Equation (1) (Palombini 161 

et al. 2016; Zellnig et al. 2002): 162 𝑉𝑅𝑖 = 𝐿𝑥 ∑ 𝑎𝑅𝑖𝑛𝑖=1               (1); 163 

where 𝐿𝑥is the voxel size, i indicates each section, n is the total number of sections, 164 

and 𝑎𝑅𝑖is the area of a specific region.  165 

Porosity (φ) was determined using Equation (2) (Palombini et al. 2016; Gibson et al. 166 

2003):  167 𝜑 = 𝑉𝑉𝑉𝑅 = 1 − (𝜌∗𝜌𝑠)              (2); 168 

where 𝑉𝑉  is the volume of pores in the selected region ( 𝑉𝑉 = ∑ 𝑉𝑉𝑖),  𝑉𝑅  is the 169 

volume of the selected region (𝑉𝑅 = ∑ 𝑉𝑅𝑖), 𝜌∗𝜌𝑠 is the relative density of the selected 170 

region, 𝜌∗is the density of the cellular material, and 𝜌𝑠 is the density of the solid from 171 

which the cell walls were prepared. 172 

The sphericity of the cells was determined using Equation (3) (Singh et al. 2016; Jiang 173 

et al. 2011)  174 

𝜓 = (36𝜋𝑉𝑃𝑐2𝐴𝑃𝑐3 )1 3⁄
              (3); 175 

where 𝑉Pc and 𝐴Pc  indicate the volume and the surface area of the cortex cells, 176 

respectively. As ψ approaches 1, the cell becomes spherical.  177 

Results and Discussion  178 

Characteristics of cortex microstructure 179 

In bamboo, the area from the periphery along the bamboo culm wall to the vascular 180 

bundle is called the cortex. The microstructure of bamboo cortex was characterized by 181 

Avizo, and the overall porosity of the cortex was obtained Through optical microscope 182 

cells of various shapes were found in the cross-sectional and radial sections of the 183 

cortex. Figures 2H and I show the cell morphology of the bamboo cortex in the sections 184 

under an optical microscope. Compared to the two-dimensional information of the slice 185 

(Liese et al. 2015), the three-dimensional images reconstructed by Avizo software 186 



intuitively showed the morphological differences of cortical cells (Fig. 4A), indicating 187 

that μCT was an effective means to study cortex cells. The total volume VR of the 188 

reconstructed area of interest in μCT was 7.85 × 10-3 mm3, in which the volume VV of 189 

the pores was 2.84 × 10-3 mm3. Therefore, the porosity φ of bamboo cortex was about 190 

36.1% (Table 1), while the porosity of the parenchyma cells was 72.6% (Palombini et 191 

al. 2016). The relative density of bamboo cortex cells calculated using Equation (2) was 192 

0.639, which is between those of the parenchyma cells (0.274) and fiber (0.907) 193 

(Palombini et al. 2016). These findings indicate that compared with the parenchymal 194 

cells in the ground tissue, the cortex cells have lower porosity and a higher cell wall 195 

material content and subsequently a relatively high density. Meanwhile, pores, screened 196 

by pore counting plug-in, had an average volume of about 1.54 × 10-6 mm3 in the cortex. 197 

The strength is the highest along the outside surface when bamboo is bent under stress 198 

(Tan et al. 2011). The characteristics of small pores and high density of bamboo cortex 199 

may give it unique mechanical properties, which will not be easily destroyed when 200 

subjected to external forces. 201 

 Table 1 Some parameters of bamboo cortex obtained by μCT 202 

Bamboo 

cortex 

VR (mm3) VV (mm3) φ (%) relative 

density 

7.85 × 10-3 2.84 × 10-3 36.1 0.639 

Cell type of bamboo cortex 203 

Previous studies divided the cortex cells into the epidermis layer, hypodermis layer, 204 

and parenchyma cells (Liese et al. 1998). However, in the present study according to 205 

the bamboo cortex slices and 3D reconstruction model characteristics, bamboo cortex 206 

cells were classified into four types, including the epidermis layer (Fig. 4B), 207 

hypodermis layer (Fig. 4C), transitional layer (Fig. 4D), and parenchyma layer (Fig. 4E) 208 

cells. The outermost layer was the epidermis layer consisting of one layer cells, 209 

followed by the hypodermis layer consisting of one or two layers of cells, and then the 210 

transitional layer about 2-4 layers and finally the parenchyma layer which has a variable 211 

number of layers. Only slight differences were detected in the morphology between the 212 



transitional layer cells and parenchyma cells, which may explain why previous studies 213 

divided cortex cells only into three categories (Liese et al. 2015).  214 

 215 

Fig. 4 µCT reconstruction 3D model of bamboo cortex: A Three-dimensional 216 

reconstruction model; B Epidermis layer and typical cell; C Hypodermis layer and 217 

typical cell; D Transitional layer and typical cell; E Parenchyma layer and typical cell. 218 

(Scale bar = 100 μm). 219 

Figure 4 shows the 3d reconstruction model features of bamboo cortex cell cavities 220 

in Avizo, revealed the epidermis cells as the first layer (Fig. 4B), hypodermis cells as 221 

the second layer (Fig. 4C), transitional cells as the third layer (Fig. 4D), and the 222 

parenchyma cells as the fourth layer (Fig. 4E). Typical cell models for each layer are at 223 

the right of Figure 4. Table 2 shows the volume (𝑉Pc ), area (𝐴Pc ), sphericity (ψ), 224 

length3d (L), and breadth3d (W) of cells in each layer of the cortex.  225 

 226 

 227 

 228 



Table 2 Some parameters of bamboo cortex cells 229 

 VPc (µm3) 
(SD) 

APc (µm2) 
(SD) ψ 

L (µm) 
(SD) 

B (µm) 
(SD) L/B 

Epidermis 

cells 

917.81 

(430.02) 

532.42 

(197.38) 
0.85 

19.38 

(4.74) 

14.11 

(2.88) 
1.37 

Hypodermis 

cells 

714.22 

(437.24) 

514.09 

(267.78) 
0.76 

25.84 

(2.82) 

9.44 

(1.97) 
2.74 

Transitional 

layer cells 

1258.19 

(880.86) 

749.41 

(401.34) 
0.75 

26.46 

(9.89) 

15.22 

(3.77) 
1.74 

Parenchyma 

cells 

3117.65 

(2013.74) 

1274.44 

(601.32) 
0.78 

34.88 

(13.34) 

16.6 

(4.04) 
2.1 

In order to verify the reliability of the classification of cortical cells in the 3D 230 

model, the length and width of cortex cells and the double wall thickness of salices 231 

were measured. Figure 5 shows the length, width and double wall thickness of cortex 232 

cells in radial and cross section. The anatomical parameters of cortex cells (Fig. 5A and 233 

B) showed that it was reasonable to divide the cortex into four types according to three-234 

dimensional model of reconstructed cells by Avizo. 235 

 236 



Fig. 5 The length(L) and width(W) of the lumen and the double wall thickness of the 237 

four cell kinds: A Radial section; B Cross section. 238 

Epidermis layer 239 

The epidermis layer had one layer of cells arranged in parallel along the axial 240 

direction at the periphery. The long axis of the epidermis layer cells was perpendicular 241 

to the axis of the bamboo culm. Most of the cells were short columnar, while a few were 242 

irregular (Fig. 4B). Liese's anatomical analysis had indicated that these irregularly 243 

shaped cells could be siliceous cells and embolus cells (Liese et al. 1998). Siliceous 244 

cells contain silica, which makes the epidermis layer denser than the other cortex cells, 245 

the presence of silica significantly increased the critical stress of random cracks in the 246 

bamboo cortex (Cui et al. 2021). The average volume of the epidermis layer cells was 247 

917.81 µm3, the average sphericity was 0.85, and the average length3d-breadth3d ratio 248 

was 1.37. In the cross-section, the average length of epidermis layer cells was 11.15 µm, 249 

the average width was 5.03 µm, and the mean double wall thickness was 3.78 µm. In 250 

the radial section, the average length of epidermis layer cells was 10.65 µm, the average 251 

width was 5.6 µm, and the mean double wall thickness of cells was 3.61 µm.  252 

Hypodermis layer 253 

The hypodermis layer had 1–2 layers of long columnar cells with a small lumen 254 

and an obvious cell wall thickening (Fig. 4C). The long axis of the cell was parallel to 255 

the axis of the bamboo culm. The cells were nearly round in the cross-section and 256 

closely arranged. The average volume of the hypodermis layer cells was 714.22 µm3, 257 

the average sphericity was 0.76, and the average length3d-breadth3d ratio was 2.74. In 258 

the cross-sectional slices, the average length of hypodermis layer cells was 5.27 µm, 259 

the average width was 5.13 µm, and the mean double wall thickness of cells was 4.29 260 

µm. Meanwhile, in the radial section, the average length of the epidermis layer cells 261 

was 18.1 µm, the average width was 4.49 µm, and the mean double wall thickness of 262 

cells was 4.44 µm.  263 

Transitional layer 264 

The transitional layer had 2–4 layers of flat cells (Fig. 4D), whose cross-section 265 

appeared almost elliptic, with increasing cell volume from outside to inside. The long 266 



axis of the transition layer cells was parallel to the axis of the bamboo culm. The 267 

average volume of the Transitional layer cells was 1258.19 µm3, the average sphericity 268 

was 0.75, and the average length3d-breadth3d ratio was 1.74. In the cross-sectional 269 

slices, the average length of the transitional layer cells was 12.74 µm, the average width 270 

was 9.17 µm, and the mean double wall thickness of cells was 4.6 µm. In the radial 271 

section, the average length of epidermis layer cells was 32.15 µm, the average width 272 

was 9.34 µm, and the mean double wall thickness of cells was 5.54 µm.  273 

Parenchyma layer 274 

The transitional layer was followed by the parenchyma cells (Fig. 4E), in contact 275 

with vascular bundles. However, due to the uneven distribution and arrangement of 276 

vascular bundles, the number of layers of cortex parenchyma cells varied. The long axis 277 

of the parenchyma cells was parallel to the axis of the bamboo culm. Cells in the 278 

parenchyma layer were columnar and larger than those in the hypodermis layer, with 279 

an average volume of 3.12 ×10-6 mm3, sphericity of 0.78, an average diameter of 17.32 280 

µm, and an average length3d-breadth3d ratio of 2.1. Meanwhile, Palombini et al. (2016) 281 

reported an average volume of 6.65 × 10-6mm3, sphericity of 0.75, and an average 282 

diameter of 25.83 µm for the parenchyma cells. These results indicate that the cortex 283 

parenchyma cells were similar to the ground tissue of bamboo but much smaller in size. 284 

In the cross-sectional slices, the average length of parenchyma cells was 14.06 µm, the 285 

average width was 10.99 µm, and the mean double wall thickness was 5.94 µm. In the 286 

radial section, the average length of the parenchyma cells was 23.8 µm, the average 287 

width was 11.15 µm, and the mean double wall thickness of cells was 7.45 µm.  288 

Relationship between volume and sphericity  289 

Figures 6A, B, C, and D show the relationship between the volume of the four 290 

layers of cells and their sphericity, with each dot representing an analyzed cortex cell 291 

generated by the particle analyzer plug-in. The point cloud from Origin 9.0 (Origin Lab 292 

Corporation, UK) showed the overall relationship between cell volume and sphericity. 293 

The cell volumes of epidermis and hypodermis layer were mostly below 2000 µm3, and 294 

that of the transitional layer mostly below 4000 µm3. Meanwhile, the volume range of 295 

cortex parenchyma cells varied from 0 to 10000 µm3 (Fig. 6D). The smaller the volume 296 



of the cortex cells, the closer the sphericity to 1. Meanwhile, larger cortex cells 297 

presented a lower sphericity (Fig. 6C and D). The point cloud distribution indicated the 298 

highest sphericity for the epidermal cells, Indicating a nearly spherical cell cavity. The 299 

sphericity of the epidermis cell, transitional layer cells and parenchyma cells was 300 

slightly lower, consistent with the cell cavity morphology generated via CT 301 

reconstruction (Fig. 6B-b, Fig. 6C-c and Fig.6D-d). It can be preliminarily concluded 302 

that the smaller volume of cortex cells, the higher the sphericity, and the larger the 303 

volume, the lower the sphericity 304 

 305 

Fig. 6 Relationship between volume and sphericity and each dot represents an analyzed 306 

cortex cell: A Relationship between epidermis cells volume and sphericity, (a) 307 

epidermis cell; B Relationship between hypodermis cells volume and sphericity, (b) 308 

hypodermis cell; C Relationship between transitional layer cells volume and sphericity, 309 

(c) transitional layer cell; D Relationship between parenchyma cells volume and 310 

sphericity, (d) parenchyma cell. 311 

Porosity 312 

The three-dimensional model was reconstructed by stacking slices. The porosity 313 

of each slice is different. The overall porosity of bamboo cortex (ψ=36.1%) does not 314 

change due to the change in evaluation direction. However, the evaluation of bamboo 315 

cortex porosity in radial and axial-section can reveal the changes of cortex porosity in 316 



direction. The porosity of the bamboo cortex did not change significantly along the 317 

length in axial direction (Fig. 7A). While, the porosity of bamboo cortex samples 318 

fluctuated greatly along the radial direction (Fig. 7B). The porosity of the slices 319 

fluctuated obviously in the parenchyma cell layer hypodermis cell and epidermis layer, 320 

while it fluctuated little in the transitional layer. The porosity was high when the slice 321 

was sliced at the lumen region (Fig. 7B-a and c) and when the slice was cut at the cell 322 

wall region (Fig. 7B-d) the porosity was low. The porosity difference of each section of 323 

the transition layer is small, which may be due to the irregular arrangement of cells and 324 

small cell lumen (Fig. 7B-b). 325 

 326 

Fig. 7 Porosity variation of bamboo cortex: A Slice porosity varies along axial direction 327 

B Slice porosity varies along radial direction. 328 

Conclusions 329 

Three-dimensional characterization of bamboo cortex cell structure via high-330 

resolution computed tomography was feasible in the present study. Furthermore, the 331 

volume ( 𝑉Pc ), area ( 𝐴Pc ), sphericity (ψ), length3d (L), breadth3d (W) and other 332 

parameters of bamboo cortex cells were obtained, and bamboo cortex cells were 333 

classified into four types based on morphological features. The cortex cells included 334 

the epidermis cells, hypodermis cells, transition layer cells, and parenchyma cells from 335 

the outside to the inside. The analysis revealed a closed-cell foam material for bamboo 336 

cortex cells similar to parenchyma cells in the middle part of bamboo culm. These 337 



findings increased our understanding of the cell structure of bamboo cortex and helps 338 

understand the corresponding mechanical and biological characteristics of bamboo at 339 

different scales. The ingenious four-layer structure of bamboo cortex may be the key to 340 

its ability to absorb and transfer stress. Meanwhile, the study provided theoretical and 341 

data basis for future improvement of bamboo production and utilization. There are some 342 

defects in the segmentation of bamboo cortex cell wall and cell lumen by threshold 343 

value in this study, which may cause some deviation of data. Therefore, developing a 344 

suitable method for bamboo cell segmentation is a potential research direction. Besides, 345 

the mechanism of bamboo cortex absorption and transfer stress remains to be further 346 

studied. 347 
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