
ORIGINAL ARTICLE

Sensitivity of bamboo fiber longitudinal tensile properties
to moisture content variation under the fiber saturation point

Hankun Wang • Genlin Tian • Wanju Li •

Dan Ren • Xuexia Zhang • Yan Yu

Received: 28 October 2014 /Accepted: 23 January 2015 / Published online: 11 February 2015

� The Japan Wood Research Society 2015

Abstract The mechanical response of bamboo fibers to

variation in moisture content (MC) has a direct influence

on the performance of bamboo fiber-based products, both

during their processing and final practical applications.

However, due to the experimental difficulties involved in

testing, this fundamental process remains poorly under-

stood. In this paper, longitudinal tensile modulus (TE),

ultimate tensile strength (UTS) and elongation at break

(EB) for four different MC levels, ranging from ap-

proximately 4.97 to 26.2 %, were determined for single

bamboo fibers aged 0.5, 1.5 and 2.5 years old, respectively.

For each MC level, the results show that both TE and UTS

of bamboo fibers vary little with age. A general linear re-

duction is observed for both TE and UTS when MC in-

creases, while EB shows a slight increase. Furthermore, TE

is found to be most sensitive to MC change, followed by

UTS and then EB. A close examination revealed that 2.5-

year-old bamboo fibers are more sensitive to MC change

than younger specimens, which may partly be related to

their relatively higher microfibrillar angel (MFA). A direct

TE–MC plot comparison between bamboo fibers and solid

bamboo not only demonstrates the decisive role of the fiber

component in the overall mechanical response to MC of

bamboo, but also reveals that the TE of the former is less

sensitive to varying MC levels than the latter.
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Introduction

Bamboo fibers are renewable, abundantly available,

biodegradable, combustible and have minimal environ-

mental impact over the course of their whole life cycle [1].

These advantages explain why there has been a rapid ex-

pansion in global research on bamboo fiber-based com-

posites in recent years [2–5]. To enhance developments in

composite research, there is still a great need to measure

and accumulate data on the basic mechanical properties of

bamboo fibers. While several studies have been performed

in this area, most of them focus on mechanical variation at

either the bundle or single-fiber scale, with respect to ages

or locations in the bamboo culms [6–9]. Recently, Yu et al.

[9] also measured the mechanical properties of single

bamboo fibers from eleven bamboo species at greater

levels of statistical significance. These results suggest that

bamboo fibers are significantly stronger and stiffer than

most softwood fibers, as well as have smaller diameters and

larger aspect ratio than the latter. The research highlights

the potential of bamboo fibers to act as the reinforcing

phase in polymer composites used for structural purposes.

Although these findings provide invaluable information for

efficiently selecting and utilizing bamboo fibers for the

production of various composites, the influence of moisture

content on mechanical properties is still poorly understood.

Due to their hydroscopic nature, bamboo fibers tend to

change their mechanical properties according to the

moisture content (MC). This feature cannot be ignored

when one designs processing and utilization applications

for bamboo fiber-based composites. The cell walls of
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bamboo fibers can be analogous to nanofiber-reinforced

polymer composites in which the stiff and less moisture-

sensitive microfibrils are helically arranged in as of more

moisture-sensitive matrix of hemicellulose and lignin [10].

Furthermore, MC variation has the potential to significantly

interfere with bonding between the reinforcing and matrix

phases in bamboo fiber cell walls. To gain better insight

into this fundamental relationship between the mechanical

properties of bamboo fibers and MC, mechanical testing

should be conducted at the single-fiber level. However,

traditionally, due to the experimental difficulties involved

in testing single fibers, very few studies have been

undertaken.

However, in recent years barriers to conducting tests at

the single-fiber level have been mainly overcome with the

development of a new technique developed by the authors.

Using this technique, Yu et al. [11] were able to measure

the effect of MC on the mechanical properties of single

Moso bamboo fibers of 4.5 years of age. They found that

although an anticipated reduction in longitudinal tensile

modulus (TE) and ultimate tensile strength (UTS) of

bamboo fibers was clearly observed with rising MC, TE

showed much less sensitivity to MC than UTS. Despite

these initial findings, more experiments are needed to

confirm whether this finding is applicable as a general rule.

In this paper, we use our newly developed micro-tensile

technique to extend studies on the effect of MC on single

Moso bamboo fibers for fibers aged 0.5, 1.5 and 2.5 years.

The study was conducted for MC ranging from 4.97 to

about 26.2 %. Meanwhile, the microfibrillar angle (MFA)

of these fibers were also tested and integrated into the

discussion of the experimental results.

Experimental

Raw materials

Moso bamboos [Phyllostachys edulis (Carr.) H.de Lehaie]

of approximately 0.5, 1.5, and 2.5 years of age were taken

from a bamboo plantation located in Zhejiang Province,

China.

MFA measurement

MFA refers to the angle between the cellulose orientation

in the dominant layer of the cell wall and fiber axis, which

is widely known to have significant effects on most phy-

sical and mechanical properties of bamboo fibers [9, 12].

An X-ray diffractometer (X’pert Pro, Panalytical, Nether-

lands) was used to determine the MFA of bamboo slices

cut from the mid-height (approximately 4 m, Fig. 1a) of

air-dried bamboo culms (Fig. 1b). The samples were cut to

the dimensions of 1 mm (Radial) 9 10 mm (Tangen-

tial) 9 30 mm (Longitudinal) (Fig. 1c). A point-focused

X-ray beam was applied to the tangential section with a

scanning angle range of 0�–360�. From the obtained

diffraction intensity curves, the MFA of the bamboo fibers

was determined using the 0.6 T methods [13, 14].

Sample preparation

Small bamboo sticks (Fig. 1d) sized 1 mm (R) 9 1 mm

(T) 9 30 mm (L) were split from the aforementioned

samples to measure MFA. These sticks were macerated in a

soft solution composed of one part 30 % hydrogen per-

oxide, five parts glacial acetic acid and four parts distilled

water for 18 h at 60 �C. Subsequently, the macerated fibers

were washed several times in distilled water and dried on a

glass slide at room temperature. The fibers with minimal

damage were carefully selected under a microscope and

placed across a gap (width of roughly 1.8 mm) in an or-

ganic glass panel. Two epoxy droplets of approximately

200 lm in diameter were then placed at the ends of each

fiber with an approximate spacing of 0.7–0.8 mm. The

epoxy was allowed to solidify at 60 �C for 24 h followed

by further conditioning for 24 h at room temperature as a

further balance (Fig. 1e). More details about sample

preparation can be found in Yu et al. [11]. All the samples

were randomly divided into four groups for moisture

conditioning in a range from 4.97 % MC to approximately

26.2 %.

Micro-tensile test

A small commercial high-resolution mechanical tester

(Instron Microtester5848, USA) combined with a custom-

built fiber gripping system was used to perform tensile tests

on single bamboo fibers, which are often as short as 2 mm.

The load cell used has a capacity of 5 N. A pre-tensioned

force of roughly 10 mN was exerted on the sample and the

tensile speed used was 0.048 mm/min. Elongation was

recorded from the crosshead movement with a resolution of

0.08 lm. More than 50 fibers were tested for each group.

For the calculations of cell wall mechanical properties, the

cell wall areas of every broken fiber were determined with

a confocal scanning laser microscope (Meta 510 CSLM,

Zeiss, Germany). The broken fibers were first immersed in

0.1 % acridine orange solution for 20 s and then rinsed in

distilled water several times. The fibers were then imaged

with a 639 immersion oil objective. The load–elongation

curves were then converted to stress–strain curves, with TE

and UTS obtained based on the cell wall area and the initial

span length.
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MC control of the tested bamboo fibers

To investigate the effect of MC on the mechanical prop-

erties of bamboo fibers, a custom-built miniature environ-

mental chamber was developed (Fig. 2). The relative

humidity (RH) in the chamber can be adjusted from 15 to

95 % by changing the speed of gaseous water going into

and out of the chamber. In the present study, the RH in the

chamber was, respectively, set at 11, 33, 64 and 90.8 %,

which, based on the hydroscopic adsorption isotherm of

chemically extracted bamboo fibers developed in our

laboratory (Fig. 3), corresponded to the respective

equilibrium moisture contents (EMC) of 4.97, 8.58, 11.1

and 26.2 %.

Results and discussion

Stress–strain curves of single bamboo fibers

with different ages and MC

Figure 4a shows the typical stress–strain curves of single

bamboo fibers taken from differently aged samples at a

constant MC level of 8.58 %. All the tested fibers exhibited

Split 
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Fig. 1 Flow diagram showing

the process of fiber sample

preparation

Fig. 2 The custom-built

miniature environmental

chamber for fiber testing under

variable relative humidity
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a quasi-linear stress–strain behavior to failure, which has

been repeatedly observed in our previous studies [7, 9, 11,

15, 16] According to Köhler [17] and Groom et al. [18, 19],

the shape of the tensile stress–strain curve of plant fibers is

proposed to be to a large extent dependent on its MFA,

with a linear relationship being the dominant outcome

provided that the MFA of the fibers is less than 20�. Since
the MFA of Moso bamboo in this research ranges from 8.2�
to 11.7�, with an average of 9.4� (Fig. 5a); this explains

why all the fibers display a quasi-linear stress–strain

behavior. Figure 4b presents the typical stress–strain

curves of 2.5-year-old single bamboo fibers under different

MC. While increasing MC reduces the slope of the curve,

there is no change in the linear nature of the results, indi-

cating that MC has little effect on the shape of the tensile

stress–strain curves of bamboo fibers.

Longitudinal tensile properties of single bamboo fibers

with different ages

The effect of bamboo age on TE and UTS under 8.58 %MC

is presented in Fig. 5b. Generally, age has little influence on

both the TE and UTS of bamboo fibers. The average TE and

UTS of the fibers across the three different age samples

ranged from 28.89 to 31.35 GPa and 1.36 to 1.47 GPa, re-

spectively. Themechanical properties of bamboo fibers aged

2.5 years were found to be slightly smaller than those of the

other two groups, especially in modulus, which agrees well

with the MFA measurement presented in Fig. 5a. The av-

erageMFAof 2.5-year-old fibers, 10.47�, was slightly higher
than that of the 0.5 and 1.5-year-old bamboo fibers. Similar

variation related to agewas also observed byHuang et al. [6],

who measured the tensile mechanical properties of Moso
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bamboo fibers in specimens ranging from 0.5 to 8 years of

age. MFA has been shown to account for 87 % variation of

TE in wood. When measured from the longitudinal axis, an

MFAof 10� can increase TE by a factor of 2.5 compared to an

MFA of 14� [20]. However, the hemicelluloses–lignin ma-

trix also contributes significantly to the mechanical proper-

ties of the cell wall at larger MFA values, especially in the

transverse direction [21].

The effect of MC on the longitudinal mechanical

properties of single bamboo fibers

The correlations among TE, UTS and elongation at break

(EB) of single bamboo fiber with MC are shown in Fig. 6.

A general linear reduction of TE and UTS with increasing

MC is clearly seen (Fig. 6a, b). This MC dependence can

be attributed to the hygroscopic nature of lignin, hemicel-

lulose and cellulose in the bamboo fiber cell wall. Ex-

perimental investigation of the effect of MC on the elastic

modulus of lignin [22–24] and hemicellulose, which were

separated chemically from wood, showed that the stiffness

of both hemicelluloses and lignin significantly reduced

with increases in MC. The mechanical properties of cel-

lulose have also been measured by Sakurada et al. [25] and

were found to be less sensitive to changes in MC. In ad-

dition to these findings, it was also assumed that MC might

weaken the bonding between microfibrills and the matrix

of lignin and hemicellulose, resulting in a reduction in both

stiffness and strength of the cell wall. This assumption is

partly supported by the response of EB to MC augmenta-

tion in our tests, which increased slightly with increasing

MC although with less significance (Fig. 6c).

The average decreasing ratio of TE, UTS and EB of all

the samples for MC increasing from 4.97 to 26.2 % are

summarized in Table 1. The results suggest that different

mechanical indicators of bamboo fibers show different

sensitivities to MC variation. As MC increases from 4.97 to

26.2 %, the TE reduces by 23.23 % on average, followed

by a 19.9 % reduction in UTS. MC has minimal effect on

EB, with an average growth rate of only 3.25 % across the

same MC range. Yu et al. [11] also found that the UTS for

4.5-year-old bamboo fibers show less sensitive to MC than

TE, especially at MC levels lower than 10.8 %. Since no

other similar publications were found for bamboo fibers,

we have to compare our results with similar research

conducted on wood species. Gerhards [26] summarized the

relative effects of MC on TE and UTS at room temperature

based on four previous works [27–30] and indicated that

TE and UTS reduced by 21 and 23 %, respectively, with

increasing MC from 6 to 20 %. These results show that the

sensitivity to MC variability of TE and UTS for wood is

rather close. Ozyhar et al. [31] also found that the longi-

tudinal mechanical properties of European beechwood

decreased to a different degree with increasing MC. Across

a tested MC range of 5.9–16.3 %, the TE and UTS
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Fig. 6 The influence of MC on longitudinal tensile properties of

single bamboo fibers. TE longitudinal tensile modulus, UTS ultimate

tensile strength, EB elongation at break, MC moisture content

Table 1 The decreasing ratio of longitudinal tensile mechanical

properties of single bamboo fibers with MC increasing from 4.97 to

26.2 %

Bamboo ages Decreasing ratio (%)

TE UTS EB

0.5 13.22 11.56 -3.07

1.5 15.46 15.03 -1.57

2.5 38.90 33.37 -5.86

Average 23.23 19.99 -3.35

TE longitudinal tensile modulus, UTS ultimate tensile strength, EB

elongation at break
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decreased by 23 and 30 %, respectively. Therefore, the

response to MC change of longitudinal tensile modulus and

strength of solid bamboo might behave differently from

that of wood, which needs to be confirmed in a future

investigation.

The effect of age on the sensitivity to MC change

of longitudinal tensile properties of single bamboo

fibers

Table 1 also gives a more quantitative description of the

effect that age has on TE, UTS and EB sensitivity of bamboo

fibers to MC change in a range from 4.97 to 26.2 %. It was

found both the changing ratio of TE and UTS increased with

the age of bamboo, which indicates that mature bamboo

fibers might have greater sensitivity to MC change than

younger fibers. Currently, there is no definitive explanation

for this phenomenon. However, the explanation is likely to

be related to cell wall structure and chemical compositions.

Despite this, the tiny difference in MFA among the differ-

ently aged bamboo fiber samples does not indicate why we

would observe the above-mentioned difference in me-

chanical property responses toMC change. For wood, asMC

increased from 4 % towet state, Kojima andYamamoto [32]

reported 28.4 and 28.7 % reductions in macroscopic TE of

wood (Cryptomeria japonica D. Don) with MFAs of 20.6�
and 31.4�, respectively. Therefore, more systematic and

extensive investigations are required to clarify causes of the

variations observed in our research.

Comparison of sensitivity to MC change of longitudinal

tensile modulus at single-fiber and macroscopic level

As the main mechanical supporting unit of bamboo,

bamboo fibers help to determine the overall mechanical

properties of bamboo. Therefore, the reduction of me-

chanical properties of bamboo fibers will lead to a cor-

responding reduction in the overall mechanical

performance. Figure 7 shows the correlations between TE

and MC, both at single-fiber and macroscopic levels for

bamboo. Every data point represents the average value of

samples for the three defined ages. The results clearly

show that the TE variation with MC of solid bamboo

agrees well with the mechanical response to MC found

for bamboo fibers. However, a more careful examination

reveals that there are different sensitivities to MC change

for solid bamboo compared to fibers, especially at higher

MC levels. For bamboo fibers, the average TE decreasing

ratio is 23.2 %, when MC increases from 4.97 to 23.2 %,

while the solid bamboo exhibits much greater sensitivity

to MC with a decreasing rate of 28.97 % observed in

relation to an increase from 5.85 to 22.3 % in MC.

Bamboo fibers showed less sensitivity to MC change than

bulk bamboo, which maybe partially explained by the

unique two-phase composite structure of bamboo, with its

reinforcing fiber sheaths embedded in soft parenchyma

cells (Fig. 8). The distinct structure and chemical com-

positions between bamboo fiber sheaths and parenchyma

cells indicates different swelling behaviors to MC change,

leading to easier internal sliding and greater reduction in

stiffness during moisture augmentation. Secondly, the

interfacial bonding between fibers or parenchyma cells

will also be weakened. Finally, parenchyma cells might

suffer from more reduction in stiffness than bamboo

fibers due to their much higher MFA and lower lignin

content [33].

Conclusion

From our comprehensive investigation of longitudinal

tensile properties of single bamboo fibers across three

separate ages, as well as four different MC levels, we reach

the following main conclusions. Both longitudinal tensile

modulus (TE) and ultimate tensile strength (UTS) of

bamboo fibers vary little with age, when MC is kept con-

stant. These properties show a linear decrease in relation-

ship to increasing MC from 4.97 to 26.2 % as a whole,

while elongation at break (EB) increased slightly. TE was

found to be most sensitive to MC change, followed by UTS

and then EB. Bamboo age may have a negative influence

on the sensitivity to MC change of longitudinal tensile

properties of single bamboo fibers. A direct comparison

between the TE–MC correlation of bamboo fibers and solid

bamboo not only demonstrated that the fiber component in

bamboo determined the overall mechanical response to

MC, but also revealed that there was smaller sensitivity to

MC change at the fiber level.
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