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a b s t r a c t

Bamboo is a unidirectional fiber-reinforced material with excellent flexibility and flexural

toughness arising from its unique cellular hierarchical structure, which creates an urgent

demand in the bamboo industry to understand potential mechanisms of those two per-

formances. In this study, a proposed original method was used to quantitatively evaluate

the gradient distribution and aggregate structure of fibers on the flexibility and flexural

toughness of natural moso (Phyllostachys edulis) bamboo, with a comparison to two other

natural wood. Results showed that gradient distribution of fibers across the bamboo culm

is the key to bamboo's varying flexibility along the diameter at the tissue level, whereas the

asymmetric aggregate structure (vascular bundles) of fibers causes a difference in the

flexibility when under different bending directions. Bamboo had possessed high strength

and high toughness, but a conflict between the flexibility and flexural toughness existed.

Compared to natural wood species of similar density, the flexibility and flexural toughness

of bamboo was ~1.8 and 1.42e4.96 times greater that of wood, respectively. At the cell level,

the combination of high-performance hard fibers and soft foamy parenchyma cells act

upon the bamboo's flexibility, while the excellent flexural toughness stemmed from the

fiber bridging and pull-out caused by high performance and aspect ratio, low microfibrils

angle of fibers, and crack deflection along the longitudinal/radial direction. These findings

helped contribute critical knowledge surrounding the flexibility and flexural toughness of

bamboo, especially for optimizing the process of bamboo-based winding composites pipes

(BWCPs).

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Bamboo is a collection of various large Gramineae plant spe-

cies, which has been used as a material for pulp and paper,

furniture, and engineering structures due to it being an

abundant sustainable natural resource with high mechanical

properties; all these attributes of bamboo make it a sustain-

able substitute for wood in regions where there is scarcity of

forestry resources [1e3]. Bamboo exhibits excellent flexibility

and flexural toughness in the axial direction due to its hier-

archical cells structure (Fig. 1a); which endows it with the

ability to withstand lateral wind, large deformation from load

caused by snow, and prohibit crack growthwhenmacrocracks

occur during the growth of bamboo [4e6]. Besides traditional

weaving crafts and textile products, bamboo can be used to

manufacture advanced composite materials using advanced

mold making processes and winding technologies [7], such as

bamboo-based winding composites pipes (BWCPs) in Fig. 1b

[8], bamboo motorcycle helmet [9], and interior automotive

parts [10]. Therefore, by understanding bamboo's mechanical

behavior at the microstructures especially the underlying

mechanism of its flexibility and flexural toughness, it will

improve the ability to fully tap into the potential of bamboo for

new engineered applications.

Understanding the relationship between the mechanical

performance of bamboo and its cell structure at the tissue to

micro level has garnered considerable attention of late

because of the impact it will have bamboo application [11e13].

At the tissue level, the mechanical properties of bamboo

originate from the composition and distribution of the foam-

like parenchyma tissues and vascular bundles (Fig. 1a),

which provides compressibility and rigidity separately [14,15].

Of the two types of tissue at the tissue level, the vascular

bundle consists of vessels and sieve tubes surrounded by fiber

sheaths, the vascular bundle's shape can be divided into four
Fig. 1 e (a) Hierarchical structure of bamboo cells at different le

bamboo-based winding composites pipes (BWCPs) based on ba
main types according to Grosser and Liese [16]. Based on these

four classification types of the vascular bundle their relaxa-

tion property, bending flexibility, and capacity absorption in

relation to the shape were studied [17e19]. The volume frac-

tion of the vascular bundles gradually increases from the in-

ternal side to the external side of the bamboo culm, from

which the gradient of the mechanical properties was derived

through experimental testing, mechanical model fitting, and

finite element analysis [20e22]. However, to current knowl-

edge, no reports have focused on the relationship between the

anatomical structure and gradient distribution of vascular

bundles on the flexibility and flexural toughness of bamboo at

the tissue level.

According to published research, few studies have evalu-

ated the influence that the factors of flexibility and flexural

toughness have at the micro-cell level; which include the

arrangement pattern,morphology, andmechanical properties

of bamboo cells [23e25]. Obataya et al. [11] believed that the

perfect combination of stretch-resistant fibers and

compressible parenchyma cells was the key to bamboo's
excellent flexible deformation. Chen et al. [26] initially illus-

trated the elongation of parenchyma cells under bending

through low-resolution electron micrographs. Wang et al. [27]

found that the microfibril angle (MFA) in the cell wall played

an important role in the mechanical properties of the poplar

wood. In a different study, Chen et al. [28] showed that when

interfacial delamination occurred it was followed by matrix

failure and fiber breakage under natural loading mode. Wang

et al. [29] demonstrated that bamboo's excellent damage

tolerance can be mainly attributed to the interplay between

crack deflection and interfacial debonding at the cell-wall

level. Through these studies a profound understanding of

the flexibility and flexural toughness of bamboo at the tissue,

micro-cell, and even cell-wall level can be achieved.

The aim of this study is to quantitatively investigate the

effect of the gradient distribution and anatomical structure
ngth scales; (b) Manufacturing, products, and structures of

mboo slivers.
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of vascular bundles on the flexibility and flexural toughness

of moso bamboo (Phyllostachys edulis) using a three-point

bending test method. The microstructural differences and

toughening mechanisms of bamboo were compared to two

wood species used as a control, a low-density poplar (Pop-

ulus spp.) and a high-density wood Betula alnoides; which

were analyzed using a mechanical and energy dissipation

model.
2. Materials and methods

2.1. Materials

4-year-oldmaturemoso bamboo (P. edulis),was collected froma

bamboo plantation located in Fujian Province in China, was

selected as the raw material used for this study. The bamboo

culm cut from the raw material was selected for being straight

and defect-free (about 2 m above the ground for stable me-

chanical performance), whichwas then processed into bamboo

strips (240� 16� 8mm3) by sawingandsplitting. Considering its

gradient fibers structure on the cross section, the bamboo strip

was divided into 3 layers (240� 16� 1mm3) from the inner (IB),

middle (MB), and outer (OB) bamboo layers, after which each

layerwas cut into 18 bamboo slivers (40� 5� 1mm3) for testing

(Fig. 2a). According toWei et al. [18], the cross-sectionof bamboo

slivers was taken by a stereoscopic Lumenera INFINITY3-6URC
Fig. 2 e (a) Schematic diagram of the preparation of bamboo sliv

tension (Type I) and the inside tension (Type II) at the bottom of

bamboo slivers. Flexibility is expressed by the flexural strain co

flexural toughness is calculated by integral area under the flexu

(cross symbol (£)).
microscope, and the fiber volume fraction (Vf) of 3 layers were

calculated using Image Pro Plus (IPP) 6.0 graphics processing

software (Media Cybernetics, Maryland, USA).

In order to eliminate the influence of size factors, the

poplar (Populus spp.) wood (PW) and Birch (B. alnoides) wood

(BW)were selected as a control group that possessed the same

age, sampling position and size as the raw bamboo. All sam-

ples were adjusted to a moisture content of about 10% in a

constant temperature and humidity chamber with 20 ± 2 �C
and 65 ± 5% RH [22].

2.2. Flexural and fracture behaviors characterization

The flexural and fracture behavior of bamboo slivers under

different loading types were tested using a InstronMicrotester

(5848, Instron Corporation, USA) to perform a 3-point bending

test (Fig. 2b) with a load cell of 2 KN, span thickness ratio of 20,

and loading rate of 2 mm/min in a test environment of

20 ± 2 �C and 65 ± 5% RH. Two forms of bending occurred in

bamboo slivers in accordance to the shape of vascular bun-

dles: loading on the side of the bamboo sliver that comes from

the internal side of the bamboo culm (Type I) and loading on

the outer side (Type II), both of which affect the flexural me-

chanical performance of bamboo slivers. The mechanical

properties of the 3 layers were determined from the flexural

stressestrain curves of the sliver samples (Fig. 2c) using the

following formulas:
ers samples; (b) the 3-point bending test under the outside

different layer; c the typical flexural stressestrain curve of

rresponding to the fracture point (mark as :), whereas the

ral stressestrain curve up to the complete failure point
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Ef ¼kl3
.
4bh3 (1)

smax ¼3Pl
.
2bh2 (2)

F¼ εfra ¼ 6Dd
.
l2 (3)

T¼
Zεfai

0

sðεÞdε (4)

The flexural modulus Ef and strength smax was calculated

using the linear portion of the loadedisplacement curve and

maximum load (P), respectively, along with length l, width b,

and thickness h. Flexibility (F) also defined as flexural strain at

fracture point (εfra), was calculated using the maximum

deflection (D) of the samples. The flexural toughness (T) is an

integral area of stress (s(ε)dε) on strain up to the complete

failure point (εfai).

2.3. Fracture morphologies observation

The fracture morphologies of the bamboo slivers were

observed with an optical microscope (SGO-67T1, KWONGKUK

Optical Instrument, China) and a field-emission environ-

mental scanning electronmicroscope (FESEM, XL30ESEM-FEG,

FEI, USA), at a vacuum of 5.0 � 10�5 Pa and an acceleration

voltage of 7 kV. The hairy morphology composed of fiber

(peak) andmatrix (base) in the SEM picture (Fig. 7b and d view)

for bamboo slivers was outlined by IPP software, and the

average pull-out length of the fiber was determined to the

average height of the mountaindthe area of the ‘mountain’

divided by the base.

2.4. Microfibril angle (MFA) measurement

The MFA of the bamboo, poplar wood (PW) and Birch wood

(BW) were tested with an X-ray diffractometer (XRD) (X'Pert
Pro, Panalytical, Netherlands) at voltage 40 KV, current 40 mA,

and with a sample size of 40 � 10 � 1 mm3 (L � T � R). Each

sample was attached to a holder in a hole (30mmdiameter) to

ensure that the incident beam passed through the LT surface

of the sample perpendicularly at a receiving light path of 22.4�.
The rotation angle was set to 0�e360� with a scanning step of

0.5�. The XRD patterns were obtained with crystal face (002)

diffraction with the strongest diffraction intensity. The

average MFA was calculated according to the 0.6 T method

(Eqs. (5) and (6)) developed by Cave [30]. Each group of samples

was characterized 3 times.

y¼aþ b1e
�ðx�cÞ2

2w2
1 þ b2e

�ðx�c�180Þ2
2w2

2 (5)

MFA¼0:6T¼0:6ðw1 þw2Þ (6)

where y is the diffraction intensity; a is a constant; b1 and b2
are the heights of peak centers c and cþ180, respectively;

The average microfibril angle (MFA) was calculated using

the 0.6T method which is the sum of the fitting parameters

w1 and w2.
3. Results and discussion

3.1. Flexural behavior of bamboo

3.1.1. Gradient flexibility and flexural toughness
Due to the gradient distribution of fibers along the thickness of

the bamboo culm, it was observed that the bamboo slivers

prepared from different layers exhibited a gradient of flexi-

bility and flexural toughness (in Fig. 3a and Table 1).

Consistent with the tension state of the outer surface of

bamboo when under a lateral winding load, the Type I

stressestrain curves were used to analyze the flexural and

fracture behavior of bamboo (Fig. 3a). All of the curves were

divided into two parts by flexural strain at the fracture point

(εfra) (marked with a filled triangle in Fig. 3a), which was

defined as the flexibility (F) of bamboo. Before fracture, the

samples went through the linear elastic range followed by

plastic range, after which they gradually reached maximum

stress. Then, there was a plateau which was followed by a

declining region with small peaks that looked like fine serra-

tions. At the endpoint of the serrations regions was defined by

the complete failure point (denoted by a red � ), which was

used to calculate the flexural toughness (T). The existence of

plateau was due to fibers bearing a continuous tensile load

after the formation of macroscopic cracks in the matrix,

which the fine serrations represent the debonding, fracture

and pull-out of fibers that occur up to failure.

The flexural behavior characterization demonstrated that

the OB possessed higher fiber volume fraction (Vf ¼ 40.4%),

exhibited lower F (2.42%) (Fig. 3c). However, as the location of

sample collection approached the inner layers of the bamboo

culm, their F increased to 2.49% with Vf of 14.6%. This means

that the inner slivers possessed higher flexibility than the

outer ones. The softer texture of the IB along with their stiff

fibers of lower vascular bundle content and higher soft pa-

renchyma cells generally causes larger deformation therefore

making internal slivers more flexible. Opposite to the chang-

ing trend of F, the T of the OB gradually increased to

5.11 � 106 J m�3 from the 2.30 � 106 J m�3 of IB, which was

derived from the interactive effects caused by the strength-

ening and toughening of higher fibers contents [11,31]. Spe-

cifically, the strengthening was mainly achieved through

intrinsic toughening at the nanoscale, which limited the

uncoiling of cellulose chains and intermolecular slippage;

while the toughening was derived from the bridging and pull-

out of fibers, which resulted in crack deflection on the

macroscale. In addition, the changing pattern of the T with

fiber content was similar to that of the fracture toughness,

which increased with the increase in fiber content and

decrease in parenchyma matrix content [32,33].
3.1.2. Asymmetric flexibility and flexural toughness
The aggregate structure (vascular bundles) of fibers though

not as obvious as “its gradient distribution”, is equally as

important for the asymmetric flexibility and flexural tough-

ness of bamboo.

The asymmetric flexural behavior of the same specimen

can be compared from the flexural stressestrain curves under

different bending configuration (Fig. 3b, and Table 1). The

https://doi.org/10.1016/j.jmrt.2021.12.071
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Fig. 3 e (a) The typical flexural stressestrain curves of bamboo sliver for 3 layers under Type I; (b) the comparison of typical

flexural curve for the same layer under Type I and II, taking the outer bamboo (OB) layer as an example; (c) the flexibility and

(d) flexural toughness of different layer from the inner to outer under Type I and Type II.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 6 : 8 5 3e8 6 3 857
representative Type I curve of the outer layer (OB as an

example) exhibited a relatively narrower linear region and

wider elastoplastic region up to the fracture point, whereas

the Type II showed the opposite phenomenon with wider

linear region and lower flexural strain. After fracture, both

Types exhibited a plateau at the peak with a similar length;

but the Type I decreased at a slower rate followed by more

serrations compared to the Type II, which implied that loading

status in a natural environment (Type I) could delay the failure

of the bamboo. Therefore, by cutting bamboo strips into

slivers, the differences in the slivers when subjected to two

different bending configurations could reveal the relationship
Table 1 e Physical and flexural properties of bamboo slivers fro
Types.

Bamboo
slivers

Air-dried density
(r) (g$cm-3)

Fiber volume
fraction (Vf) (%)

Bending
Types

Fl
mod

(

IB 0.57 ± 0.02a 14.6 ± 1.8a I 6.0

II 6.0

MB 0.64 ± 0.03b 25.0 ± 2.4b I 8.9

II 9.0

OB 0.77 ± 0.03c 40.4 ± 3.2c I 13.

II 14.

BW 0.77 ± 0.03c / / 13.

PW 0.40 ± 0.02d / / 7.6

Mean values ± standard deviation.
a, b, c, d, e Different letters in the same column indicate significant differe
between the anatomical structure of vascular bundles (fibers

aggregate) and the flexural behavior, which is responsible for

the asymmetric flexibility and flexural toughness.

With the same Vf of 40.4%, the OB layer under Type II

bending exhibited higher mechanical performance and T

(5.41 � 106 J m�3) with lower F (2.36%) compared to Type I,

which verified that bamboo in the outer layer could overcome

the conflicts of between the strength and toughness [34]

(Table 1). The difference of F and T under the two Types of

bending gradually disappeared when the layers that the

samples were taken from approach the inner layer of the

bamboo culm (Fig. 3d). In previous studies, it was inclined that
m the inner and outer layers subjected to different bending

exural
ulus (E)
GPa)

Flexural
strength (s)

(MPa)

Flexibility
(F) (%)

Flexural toughness
(T) (106 J$m�3)

± 0.6a 94 ± 7a 2.49 ± 0.25a 2.30 ± 0.25a

± 0.6a 95 ± 8a 2.46 ± 0.32a 2.31 ± 0.20a

± 1.2b 135 ± 15b 2.45 ± 0.21a 3.34 ± 0.33b

± 1.5b 137 ± 16b 2.40 ± 0.24a 3.53 ± 0.32b

0 ± 1.5c 188 ± 17c 2.42 ± 0.16a 5.11 ± 0.37c

0 ± 1.2c 202 ± 11c 2.36 ± 0.13a 5.41 ± 0.37c

5 ± 0.8c 148 ± 7d 1.38 ± 0.07b 1.56 ± 0.15d

± 0.4d 64 ± 6e 1.67 ± 0.19c 1.09 ± 0.18e

nces (p < 0.05).

https://doi.org/10.1016/j.jmrt.2021.12.071
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Fig. 4 e (a) The optical image of graded structure of vascular bundles (fibers aggregate) on bamboo culm cross section; The

vascular bundles anatomically evolved into the (b) symmetrical “open” structure in the inner from the (c) arrow-shaped

“semi-open” structure in the outer, which caused differences in mechanical properties of OB/IB layers at bending Type I and

Type II.
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the difference between the F and T can be attributed to the

gradient distribution of vascular bundles [28,31]. However, by

eliminating the gradient nature of the bamboo by using only

thin bamboo slivers with only one layer of vascular bundle, a

difference under different loading modes was still present. By

observing the cross section of the bamboo culm, the

anatomical shape of the vascular bundle showed the shape

did have a specific orientation (Fig. 4a). The IB had four simi-

larly sized and substantially symmetrical fibers aggregate

formed an approximately elliptical vascular bundle which is

called the “open” anatomy structure (Fig. 4b) [35], which was

the cause for the IB having similar flexural performance under

the two types of bending. The higher difference for OB was

due to the “semi-open” arrow structure of the vascular bun-

dles which aremade up of two fibers sheaths, which results in

more the fibers in the arrow head shape of the vascular bun-

dles being in tension when under Type II bending when

compared with the Type I (Fig. 4c). The purpose of the aggre-

gate structure of fibers is to allow bamboo to overcome harsh

environmental conditions by sacrificing a small amount of

strength and stiffness to achieve greater flexural strain.

3.2. Relationship between strength/flexibility and
flexural toughness

The plots of the relationship between strength and toughness

in bamboo for both bending types bending indicated that the

flexural toughness increasedwith an increase in strength, and

there was a high correlation between the two properties

(RI
2 ¼ 0.989 and RII

2 ¼ 0.999) (Fig. 5a). As such, bamboo as a

material seems to overcome the general behavior of com-

positeswhere a conflict exits between strength and toughness

[36]. The high fiber content in the bamboo's outer layer bore

most of the stress applied on the parenchyma cellsmatrix due

to stress transfer that occurred at the interface and the high

mechanical properties of the overall bamboo resisted external

loads and deformations up until fracture. On the other hand,

similar to other fiber-reinforced composites [37], it is also

possible that the extrinsic toughening mechanisms that fiber

bridging, pull-out, and cracks deflection/twist for shielding

local stresses or strains acting at larger length scales and

mostly behind the crack tip.
In both bending configurations, the there was a negative

trend with high correlation between F and T (RI
2 ¼ 0.846 and

RII
2 ¼ 0.943) (Fig. 5b). Bamboo is a typical soft-hard natural

composite material where hard fibers are embedded in soft

foamy parenchyma cells matrixes, like bone and nacre [38].

The high-content hard fibers in bamboo's outer layer affects

the properties at the interface of the fibers/parenchyma cells;

which restricts slipping at the interface and ultimately causes

the whole material to be more rigid and inflexible. These

findings about in bamboo are consistent with Lu's research

[39] on metals. Stronger metals have higher tensile strain

through the gradient distribution of the crystal grain sizes,

which increase from nanoscale at the surface to coarse-

grained in the core.

This unique consensus and conflicting property are very

meaningful for the biological simulation. By Imitating the

hollow structure of bamboo with the gradient structure of the

fibers in the culm, the optimization of BWCPs processing can

become possible: the use of the inner bamboo slivers which

possess larger flexibility and lower mechanical performance

can be wrapped around a mandrel to function as the inner

layer whereas the outer layer of slivers would be used tomake

a rigid outer layer of BWCPs. Instead of using the existing

process of non-uniform winding that chaotically and disor-

derly puts bamboo slivers from different layers of the gradient

structure a more uniform method of winding can be done. At

the same time, this proposed process demonstrates that un-

derstanding and analyzing the gradient structure of bamboo

can help to optimize the mechanical properties and achieved

excellent flexural behavior of industrial bamboo product ap-

plications such as BWCPs, while preventing breakage from

extreme external loads.

3.3. Comparison between bamboo and wood

3.3.1. Comparison on flexural behavior
Compared to the OB, the BW which possessed a similar den-

sity (0.77 g cm�3) exhibited a relatively brittle behavior for a

high-modulus material, where fracture occurred suddenly

with little nonlinear deformation (Fig. 6a). After fracture, BW

failed quickly, which resulted in lower toughness. The same

phenomenon also occurred between the IB and the PW.

https://doi.org/10.1016/j.jmrt.2021.12.071
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Fig. 5 e (a) Relationship between flexural strength and flexural toughness; (b) Relationship between flexibility and flexural

toughness.
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Specifically, the low F and T of BW and PW were 1.38%,

1.56 � 106 J m�3, 1.67% and 1.09 � 106 J m�3 (Table 1). By

contrast, the bamboo possessed a strong F of 2.49e2.42% and T

of 2.03e5.11 � 106 J m�3, which meant that the bamboo

endured much more plastic deformation followed by delayed

failure after it fractured. The F value of bamboowas at least 1.8

times that of wood, while the average T (3.57 � 106 J m�3) of

bamboo was 2.28 times that of BW and 3.27 times of PW in

Fig. 6bec. Therefore, it can be said that bamboo had a higher F

and T than wood with the same density. The research of

Obataya et al. [11] observed that the excellent flexural
Fig. 6 e Comparison of flexural behaviors between bamboo and w

curves of bamboo (IB and OB) and wood (BW and PW); (b) the fl

bamboo and wood.
properties of bamboo were attributed to the perfect combi-

nation of fiber and parenchyma cells. All of these results

indicated that bamboo could be used more as natural struc-

tural materials than wood of the same size due to it having a

greater toughness and more flexibility; such as in BWCPs.

3.3.2. Comparison on microstructures and toughening
mechanisms
The difference of in the microstructure between moso

bamboo and the control wood samples structure in the cross

section, is in the cell morphologies and arrangement; which
ood with similar density. (a) Typical flexural stressestrain

exibility of bamboo and wood; (c) the flexural toughness of

https://doi.org/10.1016/j.jmrt.2021.12.071
https://doi.org/10.1016/j.jmrt.2021.12.071


Fig. 7 e The difference of microstructure and fracture morphology between moso bamboo and poplar wood PW (similar to

the Birch wood (BW) in anatomy). The microstructure of (a) moso bamboo and (e) poplar wood in the cross section; The

fracture morphology on the axial direction for bamboo (b) and wood (f); The fracture morphology of bamboo (c) and wood (g)

on the cross section; Effects of cells structure on the flexural fracture behaviors and tougheningmechanismswithin bamboo

(d) and wood (h).
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eventually leads to significantly different flexibility and flex-

ural toughness. Macroscopically, bamboo is a typical natural

material with unidirectional hard vascular bundles that are

reinforced by soft foamy parenchyma cells, where they

function as a buffer when bamboo undergoes compressive

stress and deformation (Fig. 7a); the wood structure on the

other hand has radial wood rays crisscrossed with the axial

wood fibers, which ensures higher flexuralmodulus (stiffness)

of wood but also limited its F and flexural strength in (Fig. 7e).

In addition to acting on the flexibility before the fracture

point, the differences in the microstructure also played a role

in the failure mechanism. Crack deflection, fibers bridging,

and pull-outwere themain tougheningmechanisms observed

in bamboo (Fig. 7d). When cracks initiated in the parenchyma

cells at the bottom of the samples they flowed through the

vessels, vascular bundles, and parenchyma cells during the

flexural fracture along the radial direction (RD). The broken

parenchyma cells caused elevation differences due to the fiber

pulled-out, which resulted in a hairy fracture morphology at

the macro level on the axial surface (Fig. 7b). Multi-scale fiber

pull-out was observed in the cross-section (Fig. 7c), which

included the pull-out of vascular bundles and long individual
fibers from broken vascular bundles [5]. Delamination cracks

occurred in the plain of the parenchyma cells at a microlevel,

where the crack propagation path moved through the porous

parenchyma cells and tough fibers (Fig. 7c) [31,40]. Cracks

within the parenchyma cells along the RD propagated in the

weaker interface of the fibers/parenchyma cells where they

along the longitudinal direction (LD), where upon encoun-

tering vascular bundles, they would form into delamination

cracks (Fig. 7d); which has been considered one of the main

toughening mechanisms induced by high yield strength in

ultra-strong steel [41]. To analyze the influence of exhibited by

cracks on their reduction as a driving force for propagation in

both the RD and LD (Fig. 7d), the local effective stress intensity

factor (Keff) at the crack tip can be approximately calculated by

Hanlon et al. [42]:

Keff ¼ cos2ðq =2ÞKI (7)

where the stress intensity factor of straight crack growth (KI)

and the crack deflection angle (q) were used. Due to the

interface and shape of various types of cells, crack deflection

angle in the parenchyma cells (qp) and fibers (qf) was 25e60�

and 45e60� in the RD, and 80e90� and 60e90� in the LD [4]. The
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Fig. 8 e X-ray diffraction spectrum of bamboo (B), popular

wood (PW) and Birch wood (BW) in microfibrils angle (MFA)

measurement.
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Kp
eff and Kf

eff were estimated to be (0.75e0.95) KI and

(0.75e0.85) KI in the RD, and (0.6e0.75) KI and (0.5e0.75) KI in

the LD. It was observed that the crack deflection can effec-

tively reduce KI, especially the deflection in parenchyma cells

and fibers along the LD from the RD. Due to the lower stress

intensity factors (Keff) of bamboo's respective cells, the com-

bined effect reduces the driving force of crack propagation in

the overall bamboo structure.

The neat morphologies on the longitudinal surface were

found for the flexural fractured wood PW (Fig. 7f). The wood

fibers broke into short fibers clusters followed by pull out from

the wood cells matrixes (Fig. 7g), which showed less obvious

pull-out during the fracture process. Cracks in the PW prop-

agated along the weak interface between the wood rays and

cells matrixes, only a few radial cracks were deflected to the

LD to form delamination cracks in the woods cross section

(Fig. 7h). Therefore, the phenomena above confirmed that the

toughening effect of wood fibers was lower than that of

bamboo fibers at the macrolevel (Fig. 6 and Table 1).

The bamboo and wood exhibit different fiber pull-out

lengths and fracture aggregation states. In order to further

analyze the effect of the fiber pull-out on the energy dissipa-

tion process, a single fiber pull-out model was used (Eq. (8)):

P¼pDlet (8)

where P is pull-out force, D is the diameter of single fiber, le is

the length of the fiber embedded in the parenchyma cells

matrixes, t is the shear strength of interface between fibers

and parenchyma cells matrixes. To completely pull out the

broken fiber with length of le after bridging from the paren-

chyma cells matrixes and adjacent fibers, huge frictional

resistance must be overcome, thus, the pull-out energy (Ep)

was expressed as: (Eq. (9)):

Ep¼ P� le ¼ pDl2et (9)

With similar fibers diameter and shear strength of fibers/cells

matrixes towood, the longer pull-out fibers in bamboomade an

outstanding contribution to its toughness, which costs consid-

erable energy (P� le) to pull out long fibers from bamboo

compared to fibers cluster from wood [43]. This was confirmed

by theflexural test results (Fig. 6),where thebamboowith longer

fiber pull-out length displayed higher flexural toughness.

This difference in fibers pull-out length between bamboo

and wood was related to their mechanical properties, aspect

ratio, microfibrils angle (MFA). Previous research had shown

that the tensilemodulus, strength, and aspect ratio of bamboo

single fiber were 26 GPa, 1685 MPa, and 122e165, respectively;

which were higher than that of wood fiber (14 GPa, 908 MPa

and about 60) [44,45]. Cracks were caused to deflect to the cells

interface when they encountered the bamboo fiber instead of

breaking them due to the fiber's higher performance and

slender shape and when breakage did occur there was pull

out. Wood fibers were more easily broke into short fibers

clusters. In addition, higher aspect ratio of fibers promoted

stress transfer between fiber and parenchyma cells matrixes

through the interface; which helped enhance the overall F and

T of bamboo. Lastly, the microfibrils angle (MFA) of bamboo

and wood was tested in order to compare and analyze the
effect on flexural toughness. The X-ray diffraction pattern of

microfibrils in the cell wall and the MFA of bamboo, PW, and

BW were calculated to be 11.1�, 14.8�, and 13.6� (Fig. 8). The

greater the angle formed by reinforcing microfibrils with the

cell axis (along with the applied force direction). The greater

the normal load (shear) on the cell wall, caused the interface

between the fibrils and the LCC matrixes to be pulled apart

which accelerated the destruction of the cells wall.

In the context of the scarcity of wood resources, bamboo is

the only alternative to wood applications in traditional fields,

such as wood construction, woody panels, and wood-based

composites [46]. The BWCP is a sustainable composite prod-

uct that makes full use of bamboo's unique character-

isticsdhigh flexibility and flexural toughness. These

characteristics are of great significance to the development of

the bamboo industry, including bamboo weaving crafts, and

curved bamboo furniture.
4. Conclusion

An original approach was established to quantitatively eval-

uate the bamboo's flexibility and flexural toughness simulta-

neously. Aiming at the gradient distribution and aggregate

structure of fibers on natural moso (P. edulis) bamboo, the

investigation results showed that the flexibility of bamboo

decreased but the flexural strength and toughness increased

with the increase of fibers contents from the inner to outer

layers. Bamboo possesses both high strength and high

toughness due to the high content of fibers, however a conflict

between flexibility and flexural toughness is derived from the

reverse distribution of parenchyma cells and fibers. Anatom-

ically, the asymmetric aggregate structure (vascular bundles)

of fibers in the outer layer of bamboo is the main reason for

the difference in flexibility and flexural toughness under

bending direction and that asymmetric difference gradually

disappeared when approaching the inner layer due to the

substantially symmetrical structure of vascular bundles.

Comparison between bamboo and wood at similar densities
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demonstrated that the flexibility of bamboo was at least 1.8

times that of wood, while the average flexural toughness of

bamboo was 1.42e3.46 times that of the B. alnoides and

2.03e4.96 times that of poplar wood. Compared with the

crisscross cells inwood, the combination of high-performance

fibers and foamy parenchyma cells was the key to bamboo's
flexibility, while its excellent flexural toughnesswas stemmed

out from the fiber bridging and pull-out caused by its high

performance, aspect ratio, low microfibrils angle (MFA), and

crack deflection along the longitudinal/radial direction (LD/

RD) compared with wood of similar densities. These studies

on bamboo could make it an attractive choice as a green

material for sustainable construction, especially for opti-

mizing existing process of bamboo-based winding composites

pipes (BWCPs).
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