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Mechanical Properties of the Fiber Cell Wall in Bambusa
pervariabilis Bamboo and Analyses of Their Influencing
Factors
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The cell wall mechanical properties are an important indicator for
evaluating the overall mechanical properties of natural bamboo fibers.
Using the nanoindentation technique, the variation of the mechanical
properties of the fiber cell wall of Bambusa pervariabilis culms with
different ages and different positions (both radial and longitudinal) was
studied. Moreover, x-ray diffraction (XRD) was employed to measure the
microfibril angle (MFA), and the correlation between the MFA and the
mechanical properties of the fiber cell wall. The results showed that there
was a remarkable difference in the fiber cell wall mechanical properties at
different ages and at different radial and longitudinal positions. However,
at different ages and at different positions, the absolute value of variation
of MFA was less than 1° and was very minor. Furthermore, there was no
significant correlation between the fiber cell wall mechanics and MFA,
indicating that the mechanical property of the fiber cell walls might be
synergistically affected by many factors.
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INTRODUCTION

The bamboo plant typically has a rapid growth rate and a strong capacity for
renewal. The mechanical property of bamboo can reach a stable state in a short period. It
also has the advantages of high strength, ductility, and hardness (Wang et al. 2014; Huang
and Fei 2017). Natural bamboo fiber is the major component of bamboo and largely
contributes to the excellent mechanical properties of bamboo (Lo et al. 2004; Castanet et
al. 2016; Sukmawan et al. 2016). The properties are often used as a reference model for
biomimetic composite design due to the multi-layer cell wall structure (Huang et al. 2016;
Kumar et al. 2017; Gupta and Singh 2018).

The bamboo fiber cell wall can be regarded as a natural composite material
composed of hemicellulose and lignin, which function as the matrix phase. The microfibrils
composed of cellulose serve as the reinforcing phase. It is known that the fiber cell wall is
the main supporting structure of bamboo (Hu et al. 2017). The mechanical property of fiber
cell walls is an important indicator for evaluating the essence of the complex macro-
mechanical behavior of bamboo. However, due to the small size of the cell walls, it is
impossible to quantitatively characterize the mechanical properties using conventional
testing methods. In the 1990s, the nanoindentation technique was first used to
quantitatively characterize the mechanical properties of the cell wall (Wimmer et al. 1997).
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Since then, nanoindentation technology has been applied to study the cell walls of bamboo
fiber (Yu et al. 2007, 2011; Wang et al. 2012; Ren et al. 2017), and it has become an
important method to characterize the mechanical properties of bamboo cell walls. To
distinguish them from other mechanical indicators, some research refers to the elastic
modulus and hardness obtained by the nanoindentation test as nanoindentation modulus
(NI modulus) and nanoindentation hardness (NI hardness), respectively (Tian 2015;
Huang et al. 2016).

In addition to the influence of external habitat conditions, the mechanical properties
of fiber cell walls are also influenced by the structural characterization of major chemical
components such as cellulose, hemicellulose, and lignin, as well as their distribution and
inter-linkages (Konnerth et al. 2009; Zou et al. 2009). In regard to cell wall structure and
microfibril orientation, even a nanoindentation test with embedded or non-embedded
samples can introduce differences in mechanical properties of fiber cell walls (Bourmaud
etal. 2013; Meng et al. 2013). The view that microfibril angle (MFA) is a key factor largely
determining the mechanical properties of bamboo and wood fibers has been confirmed by
many reports (Tze et al. 2007; Krauss et al. 2011). The MFA is negatively correlated with
the NI modulus and cell wall hardness (Liu 2008; Konnerth et al. 2009).

Bambusa pervariabilis is sympodial bamboo that primarily grows in southeast
China. Its culm is solid and straight, so it is often used for making scaffolds, tools, furniture,
and other weaving products in traditional industries. Now B. pervariabilis culms have been
widely used in a variety of papermaking, textiles, composite materials, and nano materials.
It is a favorable supplement to the typically used monopodial bamboo. Many studies have
shown that the fiber in sympodial bamboo has favorable mechanical properties; however,
there is little research concerning B. pervariabilis. The purpose of this research is to study
the variation of mechanical properties of developmental B. pervariabilis fiber cell walls
and to analyze its correlation with MFA. In this study, 1-, 2-, and 3-year-old B.
pervariabilis culms were investigated using the nanoindentation and X-ray diffraction
techniques. In addition, the variation of fiber cell walls mechanical properties and MFA
with different ages and different positions (both radial and longitudinal) of the bamboo
culms were studied. The correlation between the MFA and the mechanical properties of
the cell wall fibers was analyzed. The results of this paper will provide a theoretical basis
for bamboo plantation and rational processing and fine utilization of B. pervariabilis fibers.

EXPERIMENTAL

Materials

The tested bamboo species were collected from the Arboretum of the Guangxi
Academy of Forestry, Guangxi province. The representative bamboo culms with typical
normal growth were cut down. The diameter, internode length, and height of the bamboo
were recorded. Bamboo sections were taken every 2 m (cut near a complete bamboo node)
until a height of 7.5 m was reached from the base to the top of culm. Small bamboo blocks
of 10 mm (longitudinal, L) by 5 mm (tangential, T) by t mm (radial thickness, R) were also
cut at the central from the 6™, 12" and 18™ internodes from bamboo culms of different
ages (Table 1). All blocks were placed in an FAA fixative solution (5% formaldehyde, 5%
acetic acid, and 90% alcohol) for the subsequent determination of cell wall mechanical
properties (Fig. 1). All samples were transported to the laboratory and stored at room
temperature until processing was completed. To test the fiber cell wall mechanics and MFA
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variation in bamboo at different ages, the blocks at the middle position at the 6th internode
of the 1-, 2-, and 3-year-old culms were used. The 6™ internode from 3-year-old culms
were used to research radial variation. The 6™, 12", and 18" internode from 3-year-old
bamboo were used to study the longitudinal variation (Table 1).

Table 1. Sampling Methods for Fiber Cell Wall Mechanical Properties and the
MFA Test

Variation Factors Agelyear Radial Position Longitudinal Position
Bamboo age 1,2,3 Middle position Centra}l part of the 6th
internode
. " Outer, middle, and Central part of the 6th
Radial position 3 X " .
inner positions internode
Longitudinal . . Central parts of the 6th, 12th,
position 3 Middle position and 18th internode

Tmm

For measuring MFAs

Inner position’;

For nanoindentation tests

Outer position

Fig. 1. Schematic of the tested samples and the sampling methods

Nanoindentation Test

After being removed from the FAA fixative, the bamboo blocks to be tested were
put under a stereomicroscope and manually cut using a single-sided blade to obtain 5 to 10
mm of the vascular bundle. Different concentration gradients of alcohol solutions (50%,
70%, 90%, 95%, and 100%) were used to dehydrate the samples. They were then
impregnated with different concentration gradients of Spurr resin (the ratios of alcohol to
resin were 2to 1, 1to 1, and 0 to 1). All processed vascular bundles were embedded with
Spurr’s resin and then vacuum packed for 0.5 h. After being kept in at 70 °C in an oven for
8 h, the samples were placed in a desiccator for 2 to 4 days. The embedded samples were
loaded into an ultra-microtome sample holder and sectioned into a pyramid shape. A glass
knife and a diamond knife were used in sequence to polish the top section for the
nanoindentation test (Fig. 1).

The nanoindentation was performed on the fiber cell wall using a Tribolndenter
(Hysitron T1-950, Minneapolis, MN, USA) with a diamond probe to perform constant force
scanning imaging at the area of interest. The positioning accuracy error was less than 10
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nm. A Berkovich indenter was used in this test and the curvature radius of the Berkovich
tip was less than 100 nm. The entire test process was divided into three stages: loading,
load holding, and unloading. The duration of each stage was 5 s, 6 s, and 3 s, respectively.
The loading speed was 50 uN per s and the maximum load was 250 uN. For each group of
samples, approximately 30 data points were recorded. Because the samples underwent
elastic and plastic deformation during the indentation tests, the result is a nonlinearity time-
load diagram, as shown in Fig. 2a. Figure 2b shows the indentation depth-loading curve
and Fig. 3 shows the topography before and after the indentation.

300 300
Keeping the load (a) (b)

=200 = 200
z H
° Loading -
o o
4 -

100 100

Unloading
0 . : : 0 L L .
0 4 8 12 16 0 50 100 150 200
Time(s) Depth(nm)

Fig. 2. Loading curve: (a) time-loading curve; (b) indentation depth-loading curve

Fig. 3. Scanning images of the cell walls before (a) and after (b) nanoindentation tests
The NI modulus and hardness of the sample were calculated according to the
Oliver-Plarr theory, and the calculation formulas were as follows in Eq. 1 and 2,
1+Er=[(1-v%) = E] - [(1-vi®) = E]] 1)
H=Fnax= A (2)

where E; is the reduced modulus (occurred in both the tested sample and the indenter
throughout the system), E and v are the elastic modulus and Poisson’s ratio of the sample,
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respectively, and E;j and vi denote the elasticity modulus and Poisson’s ratio of the indenter,
respectively. For the spurr resin, v is equal to 0.3. For the Berkovich probe used in the test,
Ei is equal to 1141 GPa and vi is equal to 0.07. The parameters H, Fmax, and A are the NI
hardness, the maximum load, and the projected area of the contact surface, respectively.
Fmax Is equal to 250uN. The value of E; can be computed according to Eq. 3,

Er=(vm+28)% (S~ JA) 3)

where £ stands for correlation constant of the indenter and its value is 1.034 for a Berkovich
indenter. S is the slope of the 50% to 95% unloading curve.

MFA Measurement

For the MFA measurement, bamboo blocks of 20 (L) by 10 (T) by t (R) mm? were
cut at the central part at the 6™, 12", and 18" internode from bamboo culms of different
ages (1 to 3 years old). Then, the bamboo blocks were processed into small slices of 20 (L)
by 10 (T) by 1 (R) mm?3from the outer to inner of the culm for the age, longitudinal, and
radial variations specimens. To make the experimental data as accurate as possible, the
sample used to measure the MFA was collected in the same part of the bamboo culms as
that of the samples for nanoindentation tests (Table 1 and Fig. 1). All sample pieces were
fully processed so that the test surface was smooth and flat. All samples were also carefully
numbered for testing.

The MFA was measured using an X-ray diffractometer (Philips X’Pert Pro,
Amsterdam, Netherlands). The tube voltage and tube current of the scan test were set to 40
KV and 40 mA, respectively and the step was 1°. The sample scan range was 0 to 360°.
The raw data of the Phi scan intensity was imported into Origin 2017 for single peak fitting
and the MFA was calculated by using the 0.6T method (Wang et al. 2016).

RESULTS AND DISCUSSION

Influence of Different Bamboo Ages on the Mechanical Properties of the
Fiber Cell Wall

During in situ imaging of nanoindentation, the horizontal displacement of the probe
is always inevitable. When the indentation point displaces to the cell corner or cell lumen,
the measured value is much smaller, and therefore it cannot accurately represent the true
mechanical value of the cell wall (Bourmaud and Baley 2012; Wagner et al. 2014). These
abnormal mechanical data are detected using a variety of statistical methods. Boxplots not
only visually describe the distribution of data and determine the normality of the data, but
they also detect abnormal mechanical data (Krzywinski and Altman 2014). Therefore,
boxplots were used to detect and reject the outliers of the raw data (Fig. 4), making the data
more like the true values. Therefore, it made the measured mechanical properties of the
fiber cell wall more reliable. The mean and standard deviation of mechanical properties of
the cell wall in different ages and positions are shown in Table 2. Abnormal values were
removed. Using SPSS 20.0 software, one-way analysis of variance (ANOVA) was
conducted to analyze the NI modulus and hardness of the fiber cell wall of different ages
and positions in which bamboo age, radial, and longitudinal positions were considered as
factors. The NI modulus and hardness were the dependent variables. The analysis results
are shown in Table 3.
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Fig. 4. Boxplot method used to detect outliers (IQR means inter-quartile range)

Table 2. Average Values and Standard Deviation of Cell Wall Mechanical
Properties of Different Bamboo Ages and Positions

Influential Factors NI Modulus (GPa) NI Hardness (MPa)
1 17.39 +2.18 412.97 £85.31
Age (years) 2 20.10 +3.63 532.26 £76.77
3 17.18 +2.43 459.36 £84.22
Radial Quter 20.19 +4.07 536.50 £84.15
position Middle 17.18 +2.43 459.36 £84.22
Inner 18.78 +1.48 497.73 £49.28
Longitudinal 6th 17.18 +2.43 459.36 £84.22
position 12th 15.38 +2.32 426.02 £59.05
18th 14.14 +2.89 488.73 £73.49

Table 3. ANOVA of Cell Wall Mechanical Properties

Inffluentlal Indexes Sum of squares DF Mean square F Sig.
actors
Age NI modulus 152.080 2 76.040 8.946 0.000*
NI hardness 200374.680 2 100187.340 14.383 0.000*
Radial NI modulus 103.087 2 51.543 6.122 0.004*
position NI hardness 66925.150 2 33462.575 5.520 0.006*
Longitudinal | NI modulus 133.435 2 66.717 9.823 0.000*
position NI hardness 61039.155 2 30519.578 5.620 0.005*
* Significant at the 0.05 level

The NI modulus and hardness of different aged B. pervariabilis culms are shown
in Table 2. Specifically, with the increase of bamboo age, the NI modulus and hardness of
B. pervariabilis showed a tendency to decrease after increasing. The fiber cell walls of 2-
year-old bamboo culms had the highest NI modulus and hardness, followed by the 3-year-
old bamboo, and then the 1-year-old bamboo (Table 2). This variation is likely due to
differences in soil fertility, the climate of a certain year, and individual variations
(Komuraiah et al. 2014; Abdul Khalil et al. 2015). The results from the ANOVA indicate
that the NI modulus and hardness of the fiber cell walls are influenced by bamboo ages
significantly (P < 0.05) (Table 3), which is inconsistent with a number of previous studies
(Huang et al. 2016; Yu et al. 2011; Yang et al. 2014). Yang et al. (2014) tested the
mechanical properties of fiber cell walls of 2 to 5-year-old Dendrocalamus farinosus
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culms, and the results showed that the bamboo age had a highly significant impact on NI
modulus (P < 0.01) but had significant effect on NI hardness (P < 0.05). The cell wall
mechanical properties are closely related to the degree of lignification in culms. During the
process of lignification, bamboo continuously accumulates fibers and parenchyma tissue,
and the growth is completed in one growing season. The bamboo cells are no longer
lignified after the growing season, and the mechanical properties of the cells become stable
(Itoh 1990; Depuydt et al. 2019). In terms of the mechanical properties of the fiber cell
wall of 1-, 2-, and 3-year-old B. pervariabilis culms, their NI modulus and hardness
stabilized, which is consistent with other studies. Yu et al. (2011) studied the mechanical
properties of the fiber wall of 6-month-old, 2- and 4-year-old moso bamboo by using in
situ imaging nanoindentation. Yu et al. (2011) found that the fibers of bamboo culms of
different ages have similar mechanical properties. Huang et al. (2016) evaluated the
mechanical properties of the fiber cells of young moso bamboo (1, 2, 6, 18, and 36 months
old). The results showed that the NI modulus did not change remarkably with the increase
in bamboo age. The NI hardness obviously increased in 6-month-old bamboo culms and
stabilized after 6 months, indicating that the NI hardness of bamboo fiber may only increase
during the first 6 months.

Influence of Different Bamboo Positions on the Mechanical Properties of
the Fiber Cell Walls

Bamboo is an anisotropic material. Therefore, the mechanical properties will be
variable in different positions of the walls and different heights of the bamboo culms. From
the outside to the inside, bamboo walls may be divided radially into three parts: the inner
position, middle position, and outer position. The cell wall NI modulus and hardness
variations of these three parts are shown in Table 2. In this research, the average NI
modulus and hardness were 18.7 GPa and 498 MPa, respectively. The NI modulus and
hardness first drop and then rebound slightly from the outside to the inside. In the vertical
direction of the bamboo culm, the average NI modulus and hardness of the 6™, 12! and
18™ internode fiber cell walls from the 3-year-old bamboo were 15.6 GPa and 458 MPa,
respectively. As the height of the bamboo culm increased, the NI modulus showed a
decreasing trend. The NI hardness visibly increased for the top position when compared to
the base and middle parts (Table 2). The results of the variance analysis showed that the
radial and longitudinal positions had significant effects on the NI modulus and hardness (P
< 0.05) (Table 3). This result contrasts with previously published research. Yang et al.
(2014) studied the cell wall mechanical properties of D. farinosus and found no significant
difference in the NI modulus and hardness among the inner, middle, and outer positions of
the culms (P > 0.05). Only minor longitudinal variations were found. This indicates that
there are different variations in the mechanical properties of the fiber wall of different
bamboo species.

The variations of micromechanical properties observed in different positions of the
bamboo culms were attributed to the fact that bamboo itself is a complex and non-uniform
material, and its structure and composition distribution are heterogeneous. The volume
fraction of vascular bundles enlarges radially outward from the bamboo culm and the
density also showed a gradient increase. As a result, the density of the outer culm of
bamboo is greater than the inner, which is in agreement with the mechanical property
variations of the cell wall in the radial direction (Dixon and Gibson 2014). A previous study
has confirmed that the content of the chemical components has a significant effect on the
mechanical properties of the cell wall (P < 0.05). Additionally, the content of lignin and
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hemicellulose are positively correlated with the cell wall NI modulus and hardness of
bamboo (Gindl et al. 2004). Using a combination of physical and chemical methods, Wang
et al. (2016) gradually removed the extracts, hemicellulose, and lignin from the cell walls.
The authors found that the mechanical properties of the wood cell wall were mainly
affected by cellulose, while the lignin affected the NI modulus of the cell wall. Li et al.
(2017) used a heat treatment to remove the hemicellulose from bamboo materials and found
that the crystallinity and lignin content increased. Li et al. (2017) also found that both the
fiber cell wall NI modulus and hardness greatly increased. The chemical composition
shows variations between different parts of the bamboo wall. At the cellular level, the
lignin content of bamboo fiber is higher than that of the vessel and the lignin content is the
lowest in the parenchyma (Lin et al. 2002). The relative content of the main chemical
components of the outer is higher than that of the inner of culm (Dixon and Gibson 2014;
Wei et al. 2017). The holocellulose content also significantly decreased from the top to the
base of culm. However, a previous study showed that the Klason lignin content shows no
obvious variation with bamboo maturation (Li et al. 2007). Taken together, these
differences might be one of the main causes of the variation of mechanical properties in
the fiber cell walls.

Relationship between MFA and the Mechanical Properties of Fiber Cell Walls

The MFA values of B. pervariabilis culms of different ages and positions are shown
in Fig. 5. The average MFAs of 1, 2, and 3-year-old bamboo were 8.42°, 8.33°, and 8.26°,
respectively. Older bamboo materials tended to have a smaller MFA (Fig. 5a). This result
IS consistent with the variation in MFA with age as observed by Liu et al. (2014) in D.
farinosus culms. The MFAs of 1, 2, and 3-year-old B. pervariabilis culms showed a very
small variation. The average difference between the maximum and minimum was only
0.16°. Therefore, during the three years, the MFA of B. pervariabilis culms remained
stable. For bamboo culms, the MFA gradually increased radially from the outer to the inner
and the average values were 8.15°, 8.26°, and 8.49°, respectively. Only small changes were
observed (Fig. 5b). For the 6", 12" and 18" internode, the average MFAs were 8.44°,
8.27°, and 8.19°, respectively. This indicated that in the longitudinal direction, the average
MFA decreased with the increasing height of the bamboo culms (Fig. 5c).
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Fig. 5. The variation of MFA with bamboo age (a), radial position (b), and longitudinal position (c)
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Table 4. Correlation Analysis of the MFA and Mechanical Properties of the Fiber
Cell Wall of B. pervariabilis

Age Radial position Longitudinal position
Items NI NI NI NI NI NI
modulus hardness modulus hardness modulus hardness
MFA -0.008 -0.451 -0.282 -0.320 0.995 -0.278
Sig. 0.995 0.702 0.818 0.793 0.063 0.820

MFA is an important factor affecting the mechanical properties of bamboo and
wood (Reiterer et al. 1999). In fiber cell wall mechanics, the MFA has a particularly
remarkable effect on the cell wall NI modulus, but it has little effect on the NI hardness.
To study the correlation between these two factors, the bivariate correlation analysis was
conducted using SPSS software on the average values. Two-sided tests were also
conducted to check the significance of the correlation (Table 4). The Pearson correlation
analysis showed that the MFA was negatively correlated with the fiber cell wall mechanical
properties (Table 4), which is consistent with the results of many previous studies (Liu
2008; Konnerth et al. 2009; Jager et al. 2011). However, in this research, the correlation
was not significant (P > 0.05). It is worth noting that the MFA in the longitudinal direction
was positively correlated with the NI modulus. This further shows that the mechanical
properties of the bamboo fiber cell wall are synergistically affected by various factors.
However, it is difficult to verify whether the MFA is the most important factor in this study.

CONCLUSIONS

1. The average nanoindentation (NI) modulus and hardness of B. pervariabilis fiber cell
walls were 17.5 GPa and 475 MPa, respectively. The average MFA was 8.31°.

2. With increasing age in the bamboo culms, both the NI modulus and hardness showed
an initial increasing trend, followed by a decreasing trend. In the radial direction, the
NI modulus and hardness of the middle position were the lowest, while the NI modulus
and hardness of the outer position were the greatest. In the longitudinal direction, the
NI modulus of the fiber cell wall decreased with height, but the upper position of the
bamboo culm had the highest NI hardness.

3. There was no significant correlation between the mechanics of the fiber cell wall and
the MFA. The analysis of the factors affecting the NI modulus and hardness of bamboo
fiber further demonstrated that the mechanical properties of fiber cell walls are
synergistically affected by various factors.
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