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Abstract Bamboo is a natural cellulosic material

which is strongly reactive to water. Its hygroscopic

behavior affects almost all other physical and mechan-

ical properties of bamboo. This study investigated the

hygroscopic swelling of moso bamboo (Phyllostachys

edulis) cells in response to changes in environmental

humidity using a confocal laser scanning microscope.

The swelling strains of fiber, vessel and parenchyma

cells were obtained and compared. The interactions

between adjacent cells were also analyzed. The results

demonstrated that the swelling strain of the cell walls

increased with relative humidity, and was independent

of its location and orientation, but dependent on the

cell type. The absolute swelling of fiber cells was

highest among all cells because of dominantly high

fiber wall thickness. In contrast, the relative swelling

of fiber cells was lowest due to constraint of adjacent

fibers. Fiber cells governed the deformation and

movement of other cell lumens. The difference

between tangential and radial swelling of bamboo

was insignificant compared to that of wood, possibly

due to the similar microfibril angle in both directions,

the circular cell shape and the random embedment of

vascular bundles.

Keywords Bamboo � Hygroscopic swelling � Cell
wall � Cell lumen �Moisture adsorption � Dimensional

stability

Introduction

Bamboo is a natural composite material that has been

widely used in construction materials, daily used

commodities, membrane supports, biopolymer films,

and many other applications (Chen et al. 2019; Fang

et al. 2018; Wegst 2008; Ribeiro et al. 2016; Khalil

et al. 2018; Du et al. 2018; Le Phuong et al. 2019). As a

hygroscopic material, bamboo undergoes dimensional

changes in response to varying environmental humid-

ity, i.e., it swells in a high relative humidity (RH) and

shrinks in a low RH (Lv et al. 2019). Over the past few

years, researchers have performed macro-scale studies

on the transverse dimensional changes of bamboo of
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different heights and species (Ahmad and Kamke

2005; Anokye et al. 2014; Erakhrumen and Ogun-

sanwo 2009; Wahab et al. 2012a, b). These studies

have revealed some information on the expansion of

bamboo at the macro scale; however, the mechanism

involved in the swelling of bamboo cells, which is

probably the main reason for bamboo swelling, is not

clearly defined. Bamboo is mainly composed of three

types of cells: fiber, vessel, and parenchyma cells.

Fiber cells have solid multi- and thick- walled

structures with tiny lumens, while parenchyma cells

have fragile multi- and thin- walled structures with

large lumens (Chen et al. 2018; Habibi et al. 2015). Of

these three types of cells, vessel cells have the thinnest

walls and the largest lumens (Yang et al. 2011). Since

these cells, with evidently different morphologies, are

responsible for the swelling of bamboo, it is, therefore,

necessary to obtain a fundamental understanding of

their swelling behaviors.

Fiber, vessel, and parenchyma cells in bamboo exist

adjacent to each other. The cells adjacent to fibers are

parenchyma cells and vessel cell, or parenchyma cells

and sieve cells. The cells adjacent to vessel cell are

fiber and parenchyma cells. The cells adjacent to

parenchyma cells can be either fiber or vessel cells, or

sometimes other parenchyma cells (Jiang 2007).

Previous studies have revealed that the dimensional

change of cells in wood was strongly affected by the

adjacent cells (Sakagami et al. 2007; Taguchi et al.

2010). Sakagami et al. (2007) found that when the

moisture content decreased by 0.77%, one cell wall

decreased by 0.32 lm, while its adjacent cell wall

increased by 0.16 lm. Taguchi et al. (2010, 2011) also

reported that cell wall deformation varied from cell to

cell, and that some cells even shrank during water

adsorption. Since the interaction between adjacent

cells is significant, it is essential to consider the

interaction of different bamboo cell types.

The dimensional changes of cells are reflected at

the macro scale. For example, in wood, the swelling of

cells is higher in the tangential (T) than in the radial

(R) direction (Taguchi et al. 2010, 2011), and thus

wood has a larger T-dimensional change at the macro

scale (Patera et al. 2013; Rafsanjani et al.

2012, 2013, 2014; Taguchi et al. 2010; Yamashita

et al. 2009). However, in bamboo, the direction of

larger shrinkage at the macro scale is still unknown.

Wahab et al. (2012a, b) demonstrated that shrinkage in

the T direction was larger than in the R direction, while

Erakhrumen and Ogunsanwo (2009) reported the

reverse result. Furthermore, studies by Ahmad et al.

(Ahmad and Kamke 2005; Anokye et al. 2014) have

illustrated the variability in the direction of larger

shrinkage. There are reasons to believe that these

uncertain transverse changes of bamboo are related to

the changes of bamboo cells. Thus, interpreting the

deformations at the cellular level could perhaps

contribute to the understanding of the transverse

changes of bamboo at the macro scale.

In this study, the swelling behaviors of bamboo

cells were investigated with the following objectives:

(1) to determine the swelling of different types of

bamboo cells and the variation among them; (2) to

define the interaction between the adjacent cells; (3) to

explain the macro swelling behavior of bamboo from

the cellular level.

Materials and methods

Specimen preparation

Moso bamboo (Phyllostachys edulis) with an age of

5 years was obtained from Zhejiang Province, China.

Bamboo strip of 2 9 2 9 10 mm (tangential 9 ra-

dial 9 longitudinal) was cut from the internodes of

the bamboo culm located at a height between 1.5 m

and 2.5 m. The transverse surface of the sample was

cut using a microtome, and the thickness of the slices

was 10 lm. The slices were then placed on glass slides

to obtain the representative elements, which should

each consist of a complete vascular bundle and its

surrounding parenchyma cells (as shown in Fig. 1).

The representative elements were cut by hand under an

optical microscope. Three representative elements

were prepared.

Microscopic observations

Before microscopic observation, the specimens were

adjusted sequentially in different RH conditions and

immersed in distilled water (Table 1). They were kept

under each condition for three days. After the spec-

imens reached equilibrium moisture content (EMC),

they were taken out from the desiccators, placed on a

microscope slide, and covered with a glass. Nail polish

was then used to quickly seal the edges, and the entire

slides were replaced into desiccators to dry the nail
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polish. The transverse surfaces of cells were then

observed by a confocal laser scanning microscope

(CLSM, LSM 510 Mete, Zeiss). The images were

captured using an oil immersion lens (100 9) for fiber

cells, and an oil immersion lens (63 9) for vessel and

parenchyma cells. To understand the interaction

between adjacent cells, each type of cell was divided

into several regions (regions of interest, ROIs) based

on the relative structural configurations of different

cells. The details of these ROIs are presented in Fig. 1

and Table 2. The test conditions were constant at room

temperature. Once the testing was completed, the glass

cover was removed, and the specimens were placed

into the next RH conditions to achieve equilibrium.

Image analysis

Images from the CLSM were measured and analyzed

using ZEN 2.6 software (blue edition) provided by the

instrument producer. The schematic figure of the

measurement of the fiber cell is shown in Fig. 2a.

Since it was difficult to distinguish the cell edges, the

cell lumens were chosen as the feature points. A

straight line was drawn to join the cell lumens of the

adjacent cells, and the intensity of each dot on this line

was obtained. The wave crest of this line corresponded

to the cell wall, while the wave trough was related to

the cell lumen, and the width of the wave crest was the

thickness of the cell wall. Fiber cell lumens are too

small to measure, and thus only the cell wall thickness

was measured. The schematic figure of the measure-

ment of the parenchyma cell is shown in Fig. 2b.

Every parenchyma cell has cell corners which were

regarded as the feature points. A straight line was

drawn to join the cell corners on a diagonal. The width

of the wave crest was the thickness of the cell wall,

while the width of the wave trough was the diameter of

Fig. 1 Sample and

experimental configuration:

schematic representation of

observed sample prepared

from cross-section of

bamboo culm (grey refers to

fiber cells, whereas yellow

and red refer to vessel and

parenchyma cells,

respectively)

Table 1 Relative humidity (RH) levels and the corresponding

equilibrium moisture content (EMC) values of the experiments

Solution RH (%) EMCa (%)

LiCl 11 1.61

MgCl2 33 3.40

NaBr 57 6.49

KCl 84 13.60

water – –

aEMC values were obtained by a dynamic vapor sorption

apparatus

Table 2 The cell type,

adjacent cells and number

of measurements (cell wall

and cell lumen) in different

regions of interest (ROIs)

Cell type ROIs Adjacent cells of this region Number of measurements

Cell wall Cell lumen

Fiber cell 1 Parenchyma cells 39 –

2 Parenchyma cells, vessel cell 31 –

3 Parenchyma cells, sieve cells 46 –

Vessel cell 4 Parenchyma cells, fiber cells 39 36

Parenchyma cell 5 Vessel cells, fiber cells 65 78

6 Fiber cells 28 27

7 Parenchyma cells, fiber cells 114 65
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the cell lumen. The measurements of vessel cells were

comparable to those of the parenchyma cells. The

measured numbers of different ROIs are exhibited in

Table 2. The swelling change for different cells was

calculated as follows:

S ¼ DRH � D11

D11

ð1Þ

SA ¼ DRH � D11

MCRH �MC11

ð2Þ

SR ¼ S

MCRH �MC11

ð3Þ

where S (%) is swelling strain. DRH and D11 represent

the diameter values of cell wall or lumen at RH% and

11%, respectively. SA (nm/%) is absolute swelling per

percentage of moisture content (MC).MCRH andMC11

are the moisture contents of bamboo at RH% and 11%,

respectively. SR (%/%) is relative swelling per

percentage of MC (Rafsanjani et al. 2014).

Results

Swelling strains of fiber cells

The strains of the fiber cell wall at different ROIs as a

function of RH are shown in Fig. 3. In general, during

water adsorption, the cell wall expanded and reached

the maximum after immersion in water. However, a

small number of cells shrank at low RH. These cells

might be squeezed by their adjacent cells (Sakagami

et al. 2007). The strain varied significantly from cell to

cell as evidenced by large error bar variation. Since the

main variation among ROIs 1, 2, and 3 was adjacent

cells, differences in these strains were insignificant,

which implies that the fiber cells were not affected by

the types of adjacent cells.

Swelling strains of vessel cell

Figure 4a shows the swelling strains of the vessel cell

wall close to the parenchyma cell side, as it was

difficult to distinguish the cell edge at another side

(close to the fiber cell). The cell wall of vessel cell

increased linearly with the increase of RH.

To investigate the effect of adjacent cells on the

swelling of vessel cell lumen, a line was drawn across the

middle of fiber bundle and themiddle of parenchyma cell

area, and the orientation was set as 0�, with orientation

90� being perpendicular to this line (Fig. 4b). The

swelling strains of the cell lumen at different orientations

are shown in Fig. 4b. The strain decreased as the

orientation changed from 0� to 90�, and had negative

Fig. 2 Illustrations of

distance measurement for

a fiber cell and

b parenchyma cell

Fig. 3 Swelling strains of fiber cell wall in ROIs 1, 2, and 3 at

different RH conditions
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values at 90�. In contrast, the strain increased as the

orientation shifted from90� to 180�. For example, at 84%

RH, the mean strain decreased over the 0–90� bracket,
ranging from3.76%to- 0.88%, and then increasedback

to 3.76% over the 90�–180� bracket. Therefore, the

maximum increment of cell lumen was at 0�, and the

greatest decrement was at 90�.

Swelling strains of parenchyma cells

The results of vessel cell suggested that the swelling of

the cell lumen was affected by the fibers. Therefore,

the orientation of parenchyma cells was redefined

based on the fiber effect. The orientations were

categorized as follows: either parallel or perpendicular

to the fibers (Fig. 5a). In this case, the orientations

were not defined by absolute values such as 0� or 90�,
but rather by ranges. It was in the parallel orientation if

the straight line that joined the diagonal cell corners

landed in a parallel area (blank area in Fig. 5a);

otherwise, it was in the perpendicular orientation

(shaded area in Fig. 5a). The parallel areas and

perpendicular areas of ROIs 5–7 are shown in Fig. 5a,

and the swelling strains of cell wall and cell lumen in

these regions are shown in Fig. 5(b–d).

ROI 5 The swelling strains of parenchyma cells in

ROI 5 are shown in Fig. 5b. The strain of cell wall

increased with the RH, and the two orientations had

similar strain values. Like the fiber cells, some

parenchyma cells also shrank during adsorption. The

cell lumen was influenced by fibers that were located

above it, and the lumen swelled when it was parallel to

fibers and shrank when it was perpendicular to fibers.

The expansion in parallel direction was approximately

equal to the shrinkage in perpendicular direction. The

area of cell lumen therefore stayed presumably

constant.

ROI 6 The swelling strains of parenchyma cells in

ROI 6 are shown in Fig. 5c. The strain of the cell wall

increased, and there was no difference in the strain of

the two orientations. This was similar to the cells in

ROI 5, but the increment was higher than that of ROI

5. The cell lumen increased slightly in the parallel

direction but decreased significantly in the perpendic-

ular direction, and the shrinkage was higher than that

in ROI 5 or 7. Specifically, at 84% RH, the mean

shrinkage strain in ROI 6 was 4.14%, which was

higher than the strains in ROI 5 (1.56%) and ROI 7

(0.65%). Since the increment in the parallel direction

was less than the decrement in the perpendicular

direction, the area of the cell lumen presumably

reduced.

ROI 7 The swelling strains of parenchyma cells in

ROI 7 are shown in Fig. 5d. The strain of the cell wall

increased as RH increased, and that of the cell lumen

increased in the parallel direction and decreased in the

perpendicular direction. Although the cell in ROI 7

was surrounded by a larger number of parenchyma

cells, it was also affected by fibers if they were close

enough. Fiber bundles are embedded everywhere in

the bamboo culm, and most parenchyma cells might

be influenced by them. One parenchyma cell may even

be affected simultaneously by several fiber bundles

from different vascular bundles, which could result in

more complicated changes to the cell lumen.

Discussions

Interaction between different cells

The swelling strains of vessel and parenchyma cells

show that the deformation and movement of cell

lumen were governed by fiber cells. For vessel cell

Fig. 4 a Swelling strains of
vessel cell wall at different

RH conditions,

b relationship between

swelling strains of vessel

cell lumen and adjacent cells

at different RH conditions.

The adjacent cells were fiber

cells at 90� orientation,
while they were parenchyma

cells at 0� (180�) orientation
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(Item #4 in Fig. 6), at 90� orientations (Fig. 4b), fiber
cells were at both ends of the lumen. Fiber cells swell

during water adsorption and expand outwards more

than inwards due to their small lumen-to-diameter

ratio (Table 3). Therefore, the vessel cell was

squeezed by fibers from its two ends at 90�, and thus,

the lumen shrank. On the contrary, at 0� (or 180�),
parenchyma cells were at one end of the lumen.

Parenchyma cells have a larger lumen-to-diameter

ratio (Table 3) and can bear the deformation arising

from the vessel cell. Thus, although vessel cell was

squeezed on the fiber cell side, it swelled on the

parenchyma cell side and its lumen moved to the right

(Item #4 in Fig. 6).

The parenchyma cells were squeezed by the upper

fiber bundle if they were in ROI 5 or ROI 7, or

Fig. 5 a Orientations of

parenchyma cells in ROIs 5,

6, and 7: x orientation is

parallel to fibers while y

orientation is perpendicular

to fibers; the blank area was

defined as the parallel area

while the shaded area was

defined as the perpendicular

area, b–d swelling strains of

parenchyma cell wall and

lumen at ROIs 5, 6, and 7 at

different RH conditions

Fig. 6 Deformation andmovement of the lumens of vessel (Item #4 circle) and parenchyma cells (Items #5, 6 and 7) from dry (dot line)

to wet (solid line) states in cross-section. The cell lumens always moved to the opposite direction of the fiber bundle

123

616 Cellulose (2020) 27:611–620



simultaneously squeezed by the upper and right fiber

bundles if they were in ROI 6 (Items #5, 6 and 7 in

Fig. 6). The parenchyma cells in ROI 6 were squeezed

by the fibers in two directions at the same time, thus

the squeeze was approximately twice as large as the

cell lumen in ROI 5 or 7, and the resulting shrinkage

was also twice as large (Fig. 5).

Fiber bundles acted as an anchor during the process

of swelling due to their overwhelming size and mass

density (Fig. 6 and Table 3). The lumens of other cells

were forced to deform and move to the opposite

direction of the fiber bundle. The geometric changes of

lumens varied depending on their positions relative to

the fiber bundles.

Comparing the swelling of different cell types

The swelling strain of cell wall was approximately

independent of its location or orientation (Figs. 3, 4

and 5), but dependent on the cell type. To compare the

swelling of different types of bamboo cells, their

absolute and relative swelling per percentage of MC

were calculated and the results are shown in Fig. 7a.

The absolute swelling per percentage of MC of the cell

wall decreased in the following order:

fiber[ parenchyma[ vessel cell. The absolute swel-

ling was directly proportional to the thickness of the

cell wall, i.e., the thicker the cell wall, the higher the

absolute swelling. The typical thicknesses of fiber,

parenchyma, and vessel cells were 8.8 lm, 4.1 lm
and 1.9 lm, respectively (Table 3). Therefore, the

absolute swelling of fiber cell was higher than that of

the other two cells, thus resulting in a higher absolute

swelling. The change in cell lumen of the vessel cell

was significantly larger than that in the parenchyma

cell because of its larger diameter (Table 3).

The relative swelling per percentage of MC is also

shown in Fig. 7a. Unlike the absolute swelling, the

relative swelling of fiber (0.53%/%) was lower than

that of parenchyma (1.1%/%) and vessel cells (1.1%/

%). The lumen-to-diameter ratio of fiber cell was 7.9%

(Table 3), and the cell wall had little choice but to

swell outward after water adsorption. Since a single

fiber cell was embedded in the fiber bundle (Fig. 7b),

adjacent fiber cells competed against each other for

more swelling space. Thus, a part of the swelling

stresses was counteracted, and swelling of individual

fibers was largely constrained by adjacent fibers. On

the contrary, the parenchyma and vessel cells had

large lumens for the cell wall to swell inward (Fig. 7c),

and thus most of their swelling stresses produced

strain. Therefore, the swelling stresses that produced

strain were larger in parenchyma and vessel cells than

in fiber cell, and the relative swelling was also higher

for parenchyma and vessel cells.

At the cell scale, the relative swelling varied widely

from - 0.33 to 1.1%/%, due to micro-structural

reasons discussed previously in this paper. Zhu et al.

Table 3 Typical thickness of cell wall, diameter of cell lumen, and lumen-to-diameter ratio of three bamboo cell types (at RH 11%)

Cell name CLSM in cross-

section

Thickness of the cell wall (lm) Dlumen

(lm)

Dcell

(lm)

Lumen-to-diameter ratio

(%)

Fiber cell 8.8 1.5 19.1 7.9

Parenchyma

cela
4.1 38.0 46.2 82.3

Vessel cell 1.9 121.7 125.5 97.0

aThe parenchyma cell that is located in the matrix
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(2019) reported that the swelling of moso bamboo

block from oven dry to moisture saturation was

approximately 5.3% and 2.0% at the radial and

tangential directions, respectively. The fiber saturation

point of moso bamboo block was 21.7% (Zhang et al.

2018). Accordingly, the relative swelling per percent-

age of MC of bamboo block ranged from 0.09 to

0.24%/% (Fig. 7a). These macro-swelling values were

somewhat lower than but nevertheless in line with

those found in this study at the cellular scale.

Swelling behavior in T and R directions

At the macro scale, there was no clear difference in

swelling/shrinkage in the T and R directions in

bamboo (Zhu et al. 2019; Wahab et al. 2012a;

Erakhrumen and Ogunsanwo 2009; Anokye et al.

2014), whereas in wood, dimensional change of T

direction was undoubtedly larger (Patera et al. 2013;

Rafsanjani et al. 2012). Wood cells are rectangular,

while bamboo cells are circular in shape (Fig. 8a). Gu

et al. (2001) explained the different values of shrink-

age between the T and R directions by microfibril

angle (MFA). The MFAs of wood cell in the R and T

directions were 68.4� and 46.1�, respectively, and the

R/T wall thickness ratio was 1.24. Thus, the ratio of

differential shrinkage T/R was:

T

R
¼ 1:24� sin 68:4þ cos 46:1

1:24� cos 68:4þ sin 46:1
¼ 1:57

which was significantly larger than 1. This was one of

the main reasons why the wood had a higher T change

than R at the macro scale. For moso bamboo (2 years,

middle part), the MFAs in the R and T directions were

10.2� and 9.7�, respectively (An 2016). As mentioned

previously, the thickness of the bamboo cell wall was

similar for different orientations, and thus the R/T wall

thickness ratio was approximately 1. The ratio of

differential shrinkage T/R was:

T

R
¼ 1� sin 10:2þ cos 9:7

1� cos 10:2þ sin 9:7
¼ 1:01

which was close to 1. This indicates that compared

with wood, the difference between T and R swelling/

shrinkage was insignificant for the individual bamboo

cell.

Fig. 7 a Absolute swelling (left) and relative swelling (right)

per percentage of MC of different types of cell, and relative

swelling per percentage of MC of bamboo block (Zhu et al.

2019; Zhang et al. 2018); b and c are morphologies of fiber cells

and parenchyma cells, respectively
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As demonstrated earlier, the swelling of bamboo

cells was mainly controlled by the fiber bundles. At the

tissue level, fiber bundles are embedded randomly in

the parenchyma ground tissue along the radial direc-

tion of bamboo culm. In addition, as shown in Fig. 8b,

the embedded angles of different vascular bundles

were also random. This implies that the angular effect

of fiber bundles is random, which results in arbitrary

swelling in the T and R directions at the macro scale.

Conclusions

The swelling behaviors of moso bamboo cells (fiber,

parenchyma and vessel cells) were investigated. The

results show that the swelling strain of cell wall

increased with the increase of RH, and was indepen-

dent of its location and orientation, but dependent on

the cell type. The absolute swelling of cell wall was

positively influenced by the cell wall thickness and

was about 56 nm for every percentage of MC increase

for fiber cells, 44 nm for parenchyma cells and 11 nm

for vessel cells. On the other hand, due to constraint of

its adjacent fibers, the relative swelling of fiber cell

wall was 0.53% for every percentage of MC increase.

This value was almost of half of 1.1% relative swelling

for parenchyma and vessel cells. The deformation and

movement of cell lumens of parenchyma and vessel

cells were influenced by their geometric positions in

relation to fiber bundles. The cell lumen increased

with RH when it was parallel to the fibers, and

decreased when it was perpendicular to the fibers. In

contrast to wood, there was a lack of differential

swelling in bamboo in the tangential and radial

directions, due to the similar microfibril angle in both

directions, the circular cellular shape and the random

embedment of vascular bundles. While the numerical

results found in this study may vary depending on

species and age of bamboo, the general swelling

mechanisms and relationships should be applicable to

all bamboo fibers.
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