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Abstract 22 

The variation in the longitudinal and radial direction of the R/T ratio and area ratio of vascular 23 

bundles, which are cross-sectional image features of bamboo, and the relationships between the R/T 24 

ratio or area ratio and relaxation behavior were investigated. These image features varied 25 

characteristically in the longitudinal and radial direction. Relationships between these image features 26 

and relaxation behavior was evaluated using the instantaneous creep compliance ln[J (0)] and the 27 

creep intensity ln [J(3 ×104) – J (0)]. Although both instantaneous compliance and creep intensity 28 

decreased as density increased, their dependence properties were remarkably different. 29 

Instantaneous compliance was strongly correlated with R/T ratio and density, which was related to 30 

the area ratio, whereas creep intensity was weakly correlated with density in a given range. The 31 

results indicate a difference between the two relaxation properties, because creep intensity depends 32 

more on microstructures, such as the conformation of molecular chains in the substance, or 33 

interactions among cells than on R/T ratio and area ratio image features. 34 

 35 
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1. Introduction 39 

 40 

Bamboo is an important forest biomass resource. However, the use of bamboo is limited to 41 

handiwork in most cases, although it is sometimes used as a fill material in various composites. 42 

Bamboo has characteristic structures and properties, which have been investigated in various 43 

respects [1–7]. In recent years, bamboo has been studied for a variety of applications, including its use 44 

as a biomimetic model. 45 

The properties of bamboo originate from the composition and distribution of the vascular 46 

bundles and parenchyma tissues, which are the main constituents of the central cylinder of the 47 

internodes. The organizational structure of bamboo was reported in a review by Liese et al. [8–10]. 48 

Bundle sheaths, consisting of thick-walled fibrous cells with multilayered wall structures, surround 49 

the vessels and sieve tubes of the vascular bundles. The bundle sheaths provide the vascular bundles 50 

with rigidity by stretching continuously in the longitudinal direction of each internode. In contrast, 51 

parenchyma tissues, which consist of thin-walled parenchyma cells, contribute little to the rigidity of 52 

bamboo. Thus, the mechanical properties of bamboo depend on variation in the distribution and shape 53 

of the cross-sections of the vascular bundles protected by bundle sheaths. 54 

Nakato [11] divided the culm wall into four equal layers and examined one vascular bundle 55 

cross-section in each layer. He found no clear relationship between the height from the ground of the 56 

internodes and the ratio derived by dividing the maximum radius of a vascular bundle in the radial 57 

direction by the maximum radius in the tangential direction and that the ratio decreased from the 58 

outer to inner layers. However, to our knowledge, no reports have focused on the relationship between 59 

the shape of vascular bundles and relaxation properties. 60 

The mechanical properties of bamboo have been discussed in terms of tissue structures, 61 

particularly the cross-sectional distribution of vascular bundles [12–23]. Although Low et al. [24] 62 

mentioned the relaxation property, which is time dependent, they did not discuss its relationship to 63 

organizational structure. Aoyagi and Nakano [23] investigated position dependence, which affects the 64 

relationship between relaxation property and higher-order structures. They reported that Nutting’s 65 

equation could be applied to the creep property of Moso bamboo. However, the relaxation property has 66 

not been discussed in relation to the shape of vascular bundles. 67 

In this study, we analyzed variation in the distribution and shape of vascular bundles as well 68 

as radial and longitudinal density of Moso bamboo. In addition, the effects of higher-order structures 69 

on the creep property are discussed. 70 

 71 

 72 

2. Materials and methods 73 
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 74 

2.1 Materials 75 

We used samples from a 6-year-old Moso bamboo (Phyllostachys pubescens) collected in 76 

Shimane, Japan. The bottommost internode was labeled internode 1, and the uppermost internode at 77 

the top of the culm was labeled internode 27. Twenty-four internodes were used for the image analysis. 78 

The epidermis and endodermis of specimens were removed. In the central cylinder, which made up 79 

the rest of the culm, we designated the section nearest to the epidermis the outer layer and that next 80 

to the endodermis the inner layer. Photographs of the cross-sections were used for the image analysis. 81 

Samples cut to a given size were used for the creep test. 82 

 83 

2.2 Image analysis 84 

Internode cross-sections were observed with an incident-light microscope, and cross-sectional 85 

images were captured using a CCD camera. The cross-sectional area used for the image analysis was 86 

determined arbitrarily for each internode. The cross-sectional images were printed, and then the 87 

outline of each vascular bundle was traced by hand onto paper and scanned into a computer. The 88 

cross-sectional image was converted into a binary image by painting the inside of the vascular bundle 89 

outlines. Thus, the shape, including the vessel interiors and sieve tubes, was analyzed. 90 

The center of gravity, area, maximum length, maximum width, and angle of direction were 91 

collected for all vascular bundles within each image. Maximum length was the maximum radius of 92 

the culm. Maximum width was the maximum radius perpendicular to the direction of the maximum 93 

length. Angle of direction (θ) was the angle between the line including the maximum length and 94 

horizontal axis of the image (0° ≤ θ ≤ 180°). For this work, the direction of the horizontal line was the 95 

same as the tangential direction of the culm. 96 

Vascular bundle shape was evaluated using the R/T ratio, which is the ratio of the radially 97 

maximum length (R) to the tangentially maximum width (T) of a vascular bundle. Parts of vascular 98 

bundles located at the edges of images were not evaluated. The area ratio of vascular bundles was 99 

defined as the ratio of the total area of the vascular bundles divided by the entire area of analysis in a 100 

cross-sectional image. 101 

 102 

2.3 Creep test 103 

Specimens for the creep test were taken from the same culm as that used for the image 104 

analysis. A 100-mm-long rectangular specimen was cut from the central region of each internode and 105 

was shaped into the dimension: 90× 1.5 × 85 (mm) in longitudinal, radial, tangential directions of 106 

bamboo , respectively. The specimen was boiled for 30 min to release internal stress, then gradually 107 

dried in air at room temperature for 1 week with further drying at 60°C under vacuum for 1 day 108 
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before the creep test. The specimen was wrapped in polyethylene film to keep moisture content 109 

constant. There was little weight change before and after the creep test for each specimen. 110 

Creep tests were conducted in cantilever bending at room temperature. The load was within 111 

30% of the proportional limit of the load deformation diagram. 112 

 113 

 114 

3. Results and discussion 115 

 116 

3.1 Fluctuation in the R/T ratio and area ratio of vascular bundles 117 

Figure 1a shows a typical cross-section of Moso bamboo used in this work. Vascular bundles, 118 

surrounded by parenchyma tissues in the region between the epidermis and endodermis, were 119 

distributed characteristically. The distribution of vascular bundles became dense, and their shape was 120 

elongated in the radial direction from the inner to outer layer (Fig. 1b). The characteristic change in 121 

the vascular bundles depended on the position in the longitudinal direction. Although these 122 

characteristics are well known, quantitative analyses of the distribution in the longitudinal and radial 123 

direction have not been conducted. Here, cross-sectional image features of vascular bundles were 124 

evaluated using the R/T ratio. 125 

Figure 2 shows the relationship between the R/T ratio and the area ratio obtained by image 126 

analysis of the cross-sectional images and the internode height. The R/T ratio depends on the 127 

internode number or internode height, and the tendencies of dependence were different in the inner 128 

and outer layers. The R/T ratio in the bottom section of the culm was lower than other sections in both 129 

the inner and outer layers. The R/T ratio in the outer layer was almost constant for internodes 5–20 130 

and tended to increase for internodes 21–27. In contrast, it was almost constant above internode 5 in 131 

the inner layer. That is, the R/T ratio was constant regardless of internode height except in the bottom 132 

sections. The area ratio increased continuously with internode number in both the inner and outer 133 

layers. Also, the area ratio was larger in the outer layer than in the inner layer. 134 

Figure 3 compares the change in R/T ratio and area ratio in the radial direction for the bottom, 135 

middle, and top sections of the culm. Radial and longitudinal fluctuations were observed for both the 136 

R/T ratio and the area ratio. Notably, the R/T ratio in the inner layer hardly depended on internode 137 

height. 138 

The mechanical properties of bamboo depend on density [12]. Because bamboo consists of 139 

parenchyma tissues and vascular bundles, we investigated the density dependency of the R/T ratio 140 

and area ratio, which are cross-sectional image features of vascular bundles. Figure 4 shows the 141 

density dependency of the R/T ratio and area ratio. 142 

A correlation was observed between area ratio and density, though it became weaker as the 143 
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area of the cavity varied within the vascular bundles, because the area ratio was calculated based on 144 

the area including the vessel cavities and sieve tubes. The correlation coefficient was higher in the 145 

low-density region but somewhat lower in the high-density region. In contrast, the R/T ratio tended to 146 

depend on density differently than did the area ratio. Little scatter in the R/T ratio was observed, and 147 

the correlation was weak in the inner layer, although R/T ratio was strongly correlated with density in 148 

the outer layer. 149 

 150 

 151 

3.2 Change in vascular bundle area ratio  152 

As shown in Figure 1, there was variation in the average size of the vascular bundles across 153 

the culm wall in the radial direction. The average size of the vascular bundles in the inner and outer 154 

layers was evaluated from the relationship between the density of vascular bundles Nr and the area 155 

ratio A r (Fig. 5). Nr and Ar are given as AnNr /  and AaAr
n

i
i /

1




 , respectively, where n is the 156 

number of vascular bundles in the cross-sectional region of which area is A, and ai is the area of a 157 

vascular bundle. From the two equations given above, the following equation is obtained: 158 

NrnaAr
n

i
i )/(

1




 . Thus, when the relationship between Ar and Nr is linear, the slope na
n

i
i /

1




 gives 159 

the average area of a vascular bundle in the region. The slopes obtained from Figure 5 were 0.0642 160 

and 0.1585 in the outer and inner layer, respectively. The average area of a vascular bundle in the 161 

inner layer was 2.5 times larger than that in the outer layer, indicating that small vascular bundles 162 

are distributed densely in the outer layer, whereas large vascular bundles are scattered throughout 163 

the inner layer. 164 

The image analysis of 24 cross-sectional images revealed that R/T ratio and area ratio varied 165 

longitudinally and radially, and that the size of the vascular bundle itself varied from the inner to the 166 

outer layer in the radial direction. 167 

 168 

 169 

3.3 Effects of vascular bundle shape and area ratio on relaxation properties 170 

Creep tests were conducted on the specimens cut from the inner and outer layers of some 171 

internodes. Although there are many reports on the mechanical properties of bamboo, there are few 172 

reports on its relaxation properties [12, 23], especially in relation to area ratio. Chuma et al. [12] 173 

showed that the results of mechanical testing can be described by the mixture rule of vascular bundles 174 

and parenchymal tissues. Aoyagi and Nakano [23] investigated the effects of position in the 175 

longitudinal and radial direction on creep behavior and reported that there is a characteristic 176 
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dependency on density and the application of Nutting’s equation.  177 

We evaluated the relationship between relaxation properties and the R/T ratio or area ratio, 178 

which are the instantaneous compliance J(0) and the creep intensity J (3 × 104) – J (0). The former is 179 

the creep compliance when the measuring time t is zero and the latter is the difference between the 180 

values of creep compliance at t = 3 × 104 and t = 0.  181 

Figure 6 shows the density dependences of the instantaneous compliance and creep intensity. 182 

Both instantaneous compliance and creep intensity were negatively correlated with density and 183 

tended to decrease with increasing density. However, their density dependences largely differed.  184 

No difference was observed between ln [J(0)] versus density in the inner layer and that in the 185 

outer layer, although ln [J(0)] decreased continuously as density increased. Both relations were 186 

represented by the same curve. Logarithmic J(0) in the outer layer of internode No.26 was ten times 187 

larger than that in the inner layer of internode No.2, indicating that instantaneous compliance 188 

depended on the volume fraction or the ratio of vascular bundles, considering that density dependence 189 

is equal to the volume fraction dependence. Therefore, the relationship between the R/T ratio or area 190 

ratio and the instantaneous compliance was examined, and the results are shown in Figure 7. Clear 191 

correlation was observed between the cross-sectional image features and ln [J(0)], except for the R/T 192 

ratio in the inner layer.  193 

The density dependence of the creep intensity was different from that of the instantaneous 194 

compliance as shown in Figure 6. That in the outer layer, where density was greater than 0.51, was 195 

obviously different from that in the inner layer, where density was lower. The creep intensity was 196 

almost constant in internodes 4–22, which are the middle regions of the bamboo culm. The relaxation 197 

behavior in the outer layer of the middle region of the culm was constant regardless of density. The 198 

relationship between instantaneous compliance and creep intensity is shown in Figure 8. The clear 199 

difference shown in Figure 8 indicates that the density dependence of short-term behavior differs from 200 

that of long-term behavior.  201 

Figures 6–8 show that creep intensity, a time-dependent mechanical property, was 202 

independent of the density in a particular range, although a strong correlation existed between 203 

instantaneous compliance and density. This implies that relaxation behavior was independent of the 204 

vascular bundle image features in this range, considering the correlation in Figure 4. Therefore, other 205 

factors should be involved. The finding that the ratio and shape have no relationship with relaxation 206 

behavior indicates that this relaxation behavior is not directly related to formation of vascular bundles 207 

or its changes in cross-section. This is probably because relaxation behavior is attributed to the 208 

conformation change and interaction of the molecular chains in the substance. This difference appears 209 

in the flat region in Figure 6, where the density is 0.5–0.7, that is, in the outer layer of internodes 4–22. 210 

That may be related to the fact that bamboo grows into a large culm despite its small diameter [23].  211 
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 212 

4. Conclusions 213 

The R/T ratio and area ratio of vascular bundles, which are cross-sectional image features of 214 

bamboo, had a characteristic distribution in both the longitudinal and radial directions. The R/T ratio 215 

was larger in the outer layer than the inner layer in the radial direction, and smaller in the bottom 216 

section than other sections of the longitudinal direction. In the outer layer, the R/T ratio was almost 217 

constant for internodes 5–20, whereas it increased as the internode number became larger for 218 

internodes greater than internode 20. It was almost constant in the inner layer of internodes greater 219 

than internode 5. The area ratio was larger in the outer layer than the inner layer. It increased 220 

continuously with internode number, and the degree of increase was larger in the outer layer. The 221 

average vascular bundle area in the inner layer was 2.5 times as large as that in the outer layer. 222 

Although both instantaneous compliance, ln [J(0)], and creep intensity, ln [J (3 × 104) – J (0)], 223 

decreased as density increased, the density dependence of ln [J(0)] was largely different from that of ln 224 

[J (3 × 104) – J (0)]. Instantaneous compliance was strongly correlated with density, which was related 225 

to the R/T ratio and area ratio, whereas creep intensity had a poor correlation with density. This result 226 

suggests that the difference between instantaneous compliance and creep intensity is attributable to 227 

the dependence of creep intensity on microstructure, such as the conformation of molecular chains in 228 

the substance, more strongly than the R/T ratio and area ratio, which are cross-sectional image 229 

features. 230 

 231 

 232 

233 
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Figure captions 263 

 264 

Fig. 1 Typical transverse cross-sectional features of Moso bamboo (a) and the schematic shape change 265 

in the vascular bundle from the inner to outer layers (b). 266 

 267 

Fig. 2 Change in the vascular bundle R/T ratio and area ratio with internode number. 268 

 269 

Fig. 3 Change in the vascular bundle R/T ratio and area ratio with cross-sectional position. 270 

 271 

Fig. 4 Relationships among area ratio, R/T ratio, and bamboo density. 272 

 273 

Fig. 5 Relationship between area ratio and the number of vascular bundles per unit area. 274 

 275 

Fig. 6 Dependence of instantaneous creep compliance J(0) and creep intensity J (3 ×104) – J (0) on 276 

bamboo density. 277 

 278 

Fig. 7 Relationship between area ratio and R/T ratio and the instantaneous creep compliance J (0). 279 

 280 

Fig. 8 Relationship between instantaneous creep compliance and creep intensity J (3 ×104) – J (0). 281 
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 323 

Fig. 1 Typical transverse cross-sectional features of Moso bamboo, a, and the schematic shape change 324 

in the vascular bundle from the inner to outer layers, b. 325 
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Fig. 2 Change in the vascular bundle R/T ratio and area ratio with internode number. 352 
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Fig. 3 Change in the vascular bundle R/T ratio and area ratio with cross-sectional position. 377 
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Fig. 4 Relationships among area ratio, R/T ratio, and bamboo density. 399 
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Fig. 5 Relationship between area ratio and the number of vascular bundles per unit area. 426 
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Fig. 6 Dependence of instantaneous creep compliance J(0) and creep intensity J (3 ×104) – J (0) on 454 

bamboo density. 455 
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Fig. 7 Relationship between area ratio and R/T ratio and the instantaneous creep compliance J (0). 477 
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Fig.8 Relationship between the instantaneous creep compliance J(0) and creep intensity J(3x10^4)－J(0). 499 

Fig. 8 Relationship between instantaneous creep compliance and creep intensity J (3 ×104) – J (0). 500 
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