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a b s t r a c t 

In this study, the intrinsic viscoelastic mechanical behavior of a hierarchical bio-composite, 

structural bamboo material, was experimentally investigated and correlated with its mi- 

crostructural constituents and molecular building blocks. The macroscopic viscoelastic re- 

sponses of bulk bamboo at ambient temperature and dehydrated condition were evaluated 

through dynamic compression experiments with various loading frequencies, whereas the 

localized viscoelasticity of bamboo’s microstructural phases, viz. fibers and parenchyma 

cells, were evaluated separately through series of nano-indentation studies. The viscoelas- 

tic responses of the bamboo’s building blocks were further evaluated at the molecular 

level, using the computational creep tests via constant force Steered Molecular Dynamics 

(SMD) simulations. A phenomenological viscoelastic model was then developed to explain 

the observed microstructure–viscoelastic property relationship. Based on the model and 

conducted microstructural characterizations, it was believed that the small evolved viscous 

phases within the parenchyma cells were mainly responsible for the smaller viscoelastic- 

ity in bulk bamboo at lower loading frequencies, whereas the exhibited larger viscoelas- 

ticity at higher loading frequencies was stemmed out from the concurrent contribution of 

fibers and parenchyma cells. The findings could be important for understanding the intrin- 

sic viscoelasticity in other biological materials with hierarchical structures, as well as for 

optimizing the design of bio-inspired composites with favorable structural properties. 

© 2016 Elsevier Ltd. All rights reserved. 
1. Introduction 

Natural materials have received increasing interests as 

promising candidates for sustainable structural applica- 

tions due to their low cost and abundance, in tropical and 

subtropical regions (especially, in those developing coun- 

tries). In particular, structural bamboo material (processed, 
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dehydrated bamboo) has recently received great attention 

as a green housing and construction material and a highly 

renewable bio-composite for many industrial applications, 

because of its very fast growth rate, sufficiently low weight 

and commendable mechanical performance ( Scurlock et 

al., 20 0 0; Chung and Yu, 2002; Gibson, 2012; Dixon and 

Gibson, 2014 ). In addition, bamboo’s hierarchical biological 

structure along with its supremacy in mechanical behavior 

has made bamboo a proficient template for bio-mimicking 

purposes to design bio-inspired structural composites 

with desired properties ( Silva et al., 2006; Wegst et al., 

2015; Habibi et al., 2015 ). Hence, in-depth understanding 

of the interplays between the structure and mechanical 

properties of the complex biological system of bamboo is 

http://dx.doi.org/10.1016/j.mechmat.2016.03.002
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mechmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mechmat.2016.03.002&domain=pdf
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at the heart of producing futuristic materials with tunable

properties ( Silva et al., 2006; Habibi et al., 2015; Habibi

and Lu, 2014; Huang et al., 2012; Low et al., 2006; Obataya

et al., 2007; Shao et al., 2009; Tan et al., 2011; Wegst,

2008 ). Among the remarkable mechanical characteris-

tics, it is expected that structural bamboo material shall

also exhibit a reasonable viscoelastic behavior, even in

dehydrated/desiccated condition, given that it is mainly

constituted by natural polymers: bamboo’s both major

microstructural constituents (fibers and parenchyma cells)

are lamellar composites consisting of cellulose microfib-

rils (40–50 wt. %) embedded in a lignin (20–30 wt. %)

and hemicellulose (15–28 wt. %) matrix, in which minor

amounts (5–10 wt. %) of extractives, such as, waxes and

gums are also present ( Wegst, 2008; Jain et al., 1992; Li et

al., 2010; Li et al., 2011; Li et al., 2015 ). 

Pertaining to the ability of adopting bamboo as an ex-

cellent biomimetic template ( Wegst et al., 2015 ), it is also

essential to understand the viscoelastic damping behavior

of bamboo, since it could provide a noteworthy insight on

its high impact energy fracture ( Yamashita et al., 2001 ).

In addition, from the structural point of view, viscoelastic

damping could minimize the airborne noise radiation

in vibrating condition by converting the energy to heat,

which distributes within the structure itself ( Sewda and

Maiti, 2013 ). Although quite a few studies have been

carried out so far, to explain the viscoelasticity in other

biological structural materials, such as processed wood

( Jiang et al., 2010; Zhang et al., 2012 ), bone ( Yamashita et

al., 2001; Shepherd et al., 2011 ), etc., there remain very few

attempts which had been made to dedicatedly investigate

the viscoelastic behavior of structural bamboo as a unique

functionally-graded hierarchical cellular material. In an

early attempt by Amada et al. ( Amada and Lakes, 1997 ),

the viscoelastic damping behavior of raw bamboo at differ-

ent humidity levels was investigated and it was found that

bamboo culm demonstrated larger damping coefficient in

the course of torsion than during bending. However, it

appears that the role of environmental impacts such as hu-

midity, temperature and etc., on the macroscopic viscoelas-

tic behavior of bamboo culm and other biological materials

has been given considerable attention to, whereas the con-

tributions from their respective microstructural phases

alongside the underlying mechanisms at molecular level

have been less studied. Direct experimental investigation

of single bamboo fibrils is relatively recent and made

possible with the use of micro-tensile testing system,

which allows to assess the effect of moisture content

on the creep behavior of bamboo fibers at fibril level

( Yu et al., 2011 ). Although the viscoelastic properties of

bulk bamboo and the fibers could be directly related to

the lamellar structure and to the basic building blocks,

including cellulose, hemicellulose and lignin, there is still

no clear understanding on the role of these building blocks

in affecting the bamboo’s overall mechanical properties. 

Hence, in this work we aimed to investigate the macro-

scopic viscoelastic damping behavior of desiccated bulk

bamboo alongside the viscoelasticity of its individual mi-

crostructural constituents at ambient temperature. Along

with the macro and micro-scale evaluation, the viscoelastic

behavior of single molecules of bamboo’s major building
blocks was also evaluated in a holistic approach, to unveil

the intrinsic viscoelasticity (without considering the envi-

ronmental factors, e.g. moisture content) of bamboo’s mi-

crostructural constituents alongside their interplays within

bamboo’s hierarchical structure as well as to assess the

molecular origins of the exhibited viscoelastic behavior.

Together with the experimental and computational in-

puts, a phenomenological viscoelastic model, comprising

a Hookean spring and a Maxwellian linear viscoelastic

unit, shall be then developed to further interpret the hi-

erarchical structure-induced viscoelasticity in bulk bamboo

structure. 

2. Samples and methods 

The samples were collected from mature Moso or “Mao

Zhu” bamboo ( Phyllostachys edulis species, from Jiangsu

and Zhejiang provinces in China, ∼5 years old) and were

dehydrated with ethanol and were kept at vacuumed des-

iccators for few days prior to the study to minimize their

humidity content. Dehydrated specimens have been used

in order to maintain the focus of the study on the intrinsic

viscoelasticity from bamboo’s hierarchical microstructure,

rather than repeating those earlier effort s dealing with hu-

midity and other environmental contributions. 

To quantify the viscoelastic damping behavior of

bulk bamboo, small cubic samples (8 × 8 × 8 mm 

3 ) were

subjected to dynamic compressive sinusoidal loading

(frequency ( f ): 0.1, 1.0, 10.0 and 100.0 Hz) along their

longitudinal direction (LD) at displacement control mode

(amplitude: ∼0.04 mm), at ambient temperature, utilizing

a MTS 370 (Servo) Axial Torsional Material Testing System

(see Fig. 1 a–c). To ensure that the sinusoidal loading

experiments were conducted in the elastic regime of bulk

bamboo, similar cubic samples were subjected to a few

monotonic compressive experiments, at the outset, to get

a basic insight on the elastic regime of bulk bamboo under

compression. 

To explore the localized viscoelastic behavior of

individual microstructural constituents of bamboo, load-

controlled (maximum load: 600 μN) nano-indentation

experiments were conducted dedicatedly on the carefully

polished surfaces of microscopic structural phases (viz.

individual bamboo fibers and parenchyma cell walls,

respectively) (see Fig. 1 d), by utilizing a Hysitron TI-750

Ubi TM machine with a calibrated Berkovich tip (radius

∼200 nm). The schematic diagram of a typical load func-

tion, which was adopted here, is displayed in Fig. 1 f. The

load functions consisted of a loading segment (duration:

t l ) followed by a holding segment (duration: t h ) and

thereafter an unloading segment (duration: t u ). In order

to configure different loading functions, a fixed t l of 10 s

was used, with varying t h and t u within the ranges of

0–5 s and 3–7 s, respectively. For each load function, 30

indentation experiments were conducted on fibers and

parenchyma cells at different locations. 

To assess the viscoelastic behavior of bamboo at molec-

ular level, constant force Steered Molecular Dynamic

(SMD) simulation was applied to the molecules of major

building blocks of bamboo structure, including crystalline

cellulose, amorphous hemicellulose and amorphous lignin
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Fig. 1. Samples and experimental configuration: (a) schematic representation of dynamic compression with respect to (b–c) dehydrated bamboo culm 

along with (d) nano-indentation experiments on bamboo’s microstructural constituents (fibers and parenchyma cells), and (e) bamboo cell wall structure 

at molecular level. In the (f) load function which was adopted during the indentation experiment, t l was fixed to the value of 10 s; whereas t h and t u 
were varied within the ranges of 0–5 s and 3–7 s, respectively. The snapshots of the equilibrated molecules of crystalline cellulose (in red), amorphous 

hemicellulose (in green) and amorphous lignin (in blue), subjected to computational creep tests, are displayed in (g). (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.). 
(see Fig. 1 e), which were subjected to computational creep 

tests along their principal axis. The crystalline cellulose I β
has been found to be predominant in bamboo ( Sun et al., 

2008 ), and accordingly was chosen as the representative 

cellulose model here. The crystalline cellulose model 

was constructed by using the cellulose-builder program 

( Gomes and Skaf, 2012 ); given that it had 36 chains, 

where each chain consisted of 40 covalently bonded 

glucose rings. The cellulose molecule had an approximate 

length of 21 nm and a thickness of 3 nm, close to the 
earlier reported values ( Wang et al., 2012 ). To construct a 

hemicellulose molecule model, meanwhile, hemicellulose 

of the xylem type is used as a representative since it was 

reported to be abundant in bamboo ( Maekawa, 1976 ). 

The amorphous hemicellulose model was constructed 

from a unit cell containing 65 hemicellulose segments, 

which consisted of 35 segments with 5 D-xylopyranosyl 

residues, bonded covalently, and additional 30 segments 

with L-Arabinofuranosyl (Araf) connected to the third 

xylosyl residues by α-(1-3) linkage ( Charlier and Mazeau, 
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2012; Jin et al., 2015 ). The segments were added in se-

quence with random orientation while an equilibration

was carried out after each adding step ( Jin et al., 2015 ).

The unit cell was replicated in length to generate the

hemicellulose molecule, which had an approximate length

of 17 nm, a thickness of 5 nm, and approximately 30,0 0 0

atoms, as close to the cellulose model. Unlike cellulose and

hemicellulose, for the amorphous lignin molecules, various

monomeric units and linkages between the units were ob-

served ( Wen et al., 2013 ). Particularly, it was reported that

the syringyl (S) unit and the linkage of type β-O-4 were

most common in bamboo structure. In the first approxi-

mation, the S unit and the β-O-4 linkage were included.

The lignin model was constructed three-dimensionally by

forming the β-O-4 linkages between the S units, which

was achieved by modifying a dynamic bond-forming

algorithm developed in earlier study ( Tam and Lau, 2014 ).

The polymerized network was replicated in length to build

a lignin molecule with approximately 30,0 0 0 atoms, as

similar to cellulose and hemicellulose models. 

Molecular dynamics simulations were performed using

the LAMMPS code ( Plimpton, 1995 ), along with the Poly-

mer Consistent Force Field (PCFF) ( Sun et al., 1994; Sun,

1995 ), which is suitable for different types of polymeric

materials and was already validated in studying the crys-

talline and amorphous structures of cellulose ( Mazeau and

Heux, 2003; Tanaka and Iwata; 2006 ), and the interactions

between cellulose and other different materials, such as

hemicellulose, aromatic compounds, and graphene ( Hanus

and Mazeau, 2006; Da Silva Perez et al., 2004; Rahman

et al., 2013 ). For the pair–wise interactions, the truncation

method of finite cutoff distance has been used effectively

to study the viscoelastic properties of polymers and col-

lagen molecules ( Cifre et al., 2004; Simoes et al., 2006;

Gautieri et al., 2012 ). It could be learned that the long-

interactions would not contribute to significant variation

in simulation results, though they are commonly used in

the MD simulations. As the investigated bamboo building

blocks are essentially polymer materials, similar technique

could be used for studying their viscoelastic behavior.

And thus, van der Waals and Columbic interactions were

computed using a cutoff distance of 1.35 nm for neigh-

bor list. Rigid bonds were applied to constrain the lengths

of covalent bonds involved hydrogen atoms. Non-periodic

and shrink-wrapped boundary conditions were used in all

three dimensions during the simulations. The energy mini-

mization was carried out by adopting the steepest descent

algorithm until the convergence. The molecules were then

equilibrated under the canonical ensemble at a tempera-

ture of 300 K with a Nosé–Hoover thermostat ( Gautieri et

al., 2012 ). Under the applied boundary condition, the sys-

tem could expand or shrink during the equilibration, as

similar to the equilibration process containing a series of

NVT-NPT dynamics. The equilibration was run for 20 ns

with a time step of 1 fs. The root mean square displace-

ment (RMSD) of the atoms reached a stable value before

the equilibration run got completed, which implied that

the molecules were equilibrated properly. After the struc-

tural equilibration, computational creep test was carried

out. During the constant force SMD simulation, one end of

the molecule was kept fixed whereas the other end was
subjected to an instantaneous constant force (the loading

configurations of the three molecules are shown in Fig. 1 g).

The total applied force was 25 and 50 nN on the cellu-

lose molecule, 2 and 3 nN on the hemicellulose molecule,

and 1.5 and 1.8 nN on the lignin molecule, respectively.

As non-periodic and shrink-wrapped boundary conditions

were used in all three dimensions during the simulations,

the molecule could response instantaneously under the ex-

ternally applied force. The instantaneous stress σ 0 was fi-

nally calculated by dividing the applied force by the cross-

sectional area of the molecule, which was determined from

the molecules after the equilibration. The adopted simula-

tion setup could mimic a single molecule test, where an

instantaneous load was applied to the molecule and the

strain response in time could be obtained. The creep test

simulations were run under the canonical ensemble for

5 ns in the case of cellulose molecule and 10 ns in the cases

of hemicellulose and lignin molecules, which were found

long enough to reach deformation in equilibrium ( Gautieri

et al., 2012 ). 

3. Results and discussions 

3.1. The hierarchical structure of bamboo 

As demonstrated in our earlier study ( Habibi and Lu,

2014 ), bamboo culm is indeed an optimized fiber rein-

forced composite with cellular parenchyma as the ma-

trix. Parenchyma cells (57.3 ± 2.5%, in vol. %) constitute

the majority of bulk bamboo, whereas fibers (37.1 ± 3.3%)

and hollow vessels (5.6 ± 0.8%) make up the rest. Both

parenchyma cells and fibers exhibit a size distribution in

terms of their radial and longitudinal dimensions, namely

diameter ( D ) and height ( H )/length ( L ), respectively. The ef-

fective diameter of the parenchyma cells was found to be

within the range of D p = 40–50 μm (see Fig. 2 a), whereas

fibers have an effective diameter within the range of

D f = 8–12 μm (see Fig. 2 c) (the subscripts ’p’ and ’f’ repre-

sent parenchyma cells and fibers, respectively). The height

of the parenchyma cells along with the length of the fibers

were also observed to be within the range of H p = 30–

70 μm (see Fig. 2 b) and L f = 20 0–30 0 mm (see Fig. 2 d),

respectively. 

At the lowest hierarchical scale of bamboo, parenchyma

cells and fibers mainly consist of cellulose microfibrils

embedded in a hemicellulose and lignin matrix ( Wegst,

2008; Jain et al., 1992 ). To investigate the bamboo’s

viscoelasticity at the molecular level, the modeled unit

cells should be close to those found in a real system.

Density ( ρ) is a good physical property for evaluating,

if the constructed conformations are close to the re-

ality. In the last 5 ns equilibration run under canoni-

cal ensemble, the densities of the constructed molecules

are recorded and averaged. The final equilibrated confor-

mations of cellulose, hemicellulose and lignin have av-

erage densities of 1.58 ± 0.002 g/cm 

3 , 1.59 ± 0.001 g/cm 

3

and 1.48 ± 0.001 g/cm 

3 , respectively. These are comparable

with experimental data as shown in Table 1 . In comparison

to the literature, the simulated ρ of cellulose molecules
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Fig. 2. Morphology and size distribution of bamboo’s major constituents: size distribution and SEM micrographs of (a–b) parenchyma cells and (c–d) 

bamboo fibers, in the transverse and longitudinal directions, respectively. Note: to acquire the size distribution of either fibers or parenchyma cells, almost 

six micrographs, taken from different parts of the bamboo culm, were used in the image processing. 

Table 1 

Density (g/cm 

3 ) of cellulose, hemicellulose and lignin obtained from the 

molecular calculations and experiments. 

Material Simulation Experiment 

Cellulose 1.58 ± 0.002 1.45–1.59 ( Gibson, 2012 ), 1.65 

( Youssefian and Rahbar, 2015 ) 

Hemicellulose 1.59 ± 0.001 1.52 ( Youssefian and Rahbar, 

2015 ) 

Lignin 1.48 ± 0.001 1.20–1.25 ( Gibson, 2012 ), 1.33 

( Youssefian and Rahbar, 2015 ) 

 

provides an excellent agreement, while the hemicellulose 

and lignin molecules overestimate the real densities by 

4.6% and 11.2%, respectively. The slight discrepancies could 

be partly resulted due to the fact that the models are sim- 

ulated in a vacuum condition which does not match pre- 

cisely with the experiments ( Youssefian and Rahbar, 2015 ). 

In view of the good agreement of ρ with experiments, 

the generated models of cellulose, hemicellulose and lignin 

molecules could be regarded as reasonable representatives 

of the real structures. 
3.2. Viscoelastic behavior of bulk bamboo structure 

In view of the structural features of bamboo vis-à-vis 

a dynamic compressive loading, it was demonstrated that 

the deformation in the elastic regime of the dehydrated 

bulk bamboo structure, at ambient temperature, remains 

viscoelastic (see Fig. 3 ). At relatively low loading frequency 

(f: 0.1; see Fig. 3 a), bamboo culm exhibited nearly elastic 

behavior as in quasi-static test. However, as the loading 

frequency increased, a mechanical hysteresis loop started 

to emerge, which expanded monotonically with further in- 

crease in loading frequency f : 1.0–100 Hz (see Fig. 3 b–d). 

The disclosed viscoelasticity could be also inferred with 

reference to the stress ( t )–strain ( t ) curves, which are dis-

played in Fig. 4 . As demonstrated, in the case of low fre- 

quency dynamic compression tests, the phase lag amongst 

the applied stress signal and its corresponding recorded 

strain was negligible. However, as the loading frequency 

increased, the phase lag started to develop, which could 

be also verified with the exhibited hysteresis loop’s expan- 

sion in the stress–strain curves (see Fig. 3 ). In an elastic 

material, the stress and strain signals remain in phase, i.e., 
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Fig. 3. Mechanical hysteresis in dynamic compression tests: (a–d) the experimental results of dynamic compression tests (frequency: 0.1, 1.0, 10.0 and 

100.0 Hz) showing the mechanical hysteresis developed at high strain rates, alongside the results from the (e) adopted phenomenological viscoelastic 

model. In the strain rate equations, B 0 and B are constant where t stands for time in second. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

response occurs instantaneously, whereas in a viscoelas-

tic material, there is a phase difference or equivalently a

time lag between the applied stress signal and its recorded

corresponding strain, which arises from the time taken for

molecular rearrangement ( Sewda and Maiti, 2013 ). 

Here, the in-phase component represents the storage

modulus of the structure and can be denoted by E ’ = E 0 cos

δ, whereas the out-phase component stands for the loss

modulus which is indicated by E ” = E 0 sin δ (the ‘ E 0 ’ and

‘ δ’ stand for the elastic modulus and the phase lag be-

tween the stress and strain signals in radian, respectively).

The damping ratio, which gives the ratio between the
out-phase (viscous) and the in-phase (elastic) component

is also represented by ζ = 

1 
2 ( tan δ = 

E ′′ 
E ′ ) ( Poletto et al.,

2012 ). Interestingly, it was demonstrated that the storage

modulus E ’, which indicates the inherent stiffness of the

bulk structure of bamboo, is almost loading frequency in-

dependent ( ∼6.0 GPa), whereas the loss modulus E ”, which

stands for the energy dissipation owing to the internal

friction, is noticeably loading frequency dependent (see

Fig. 5 a). At very low loading frequencies (i.e., 0.1–1.0 Hz),

the E ” was almost around ∼0.3 GPa, whereas it kept in-

creasing with increase in loading frequency and ultimately

reached ∼1.2 GPa at f : 100.0 Hz. Parallel with loss modulus
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Fig. 4. Stress–strain phase lag in dynamic compression tests: (a–d) the experimental results of dynamic compression tests (frequency: 0.1, 1.0, 10.0 and 

100.0 Hz) demonstrating the phase lag or equivalently time lag amongst the applied stress signal and its recorded corresponding strain. The stress and 

strain spectra collected at different strain rates are keyed to the stress–strain curves shown in Fig. 3 . In the strain rate equations, B 0 and B are constant 

where t stands for time in second. 

Fig. 5. Viscoelasticity in dehydrated bulk structural bamboo material at ambient temperature: variation of (a) storage E ′ and loss E ′ ′ modulus along with 

(b) damping ratio in bulk structure of bamboo as a function of loading frequency. Note: the storage modulus ( E ’) indicates the inherent stiffness of the 

bulk structure of bamboo, whereas the loss modulus ( E ”) stands for the energy dissipation owing to internal friction. 
variation, the damping ratio of the bamboo also improved 

with increase in loading frequency and ultimately reached 

the value of ∼0.08 at f : 100.0 Hz (see Fig. 5 b). It is noted 

that all E ’, E ”, and ζ values were calculated based on 

E 0 = ∼6.3 GPa, which was extracted from the monotonic 

compression tests conducted earlier. 
3.3. Viscoelastic model for hierarchical bio-composites 

In the light of the exhibited macroscopic viscoelastic 

damping behavior, the dehydrated bulk bamboo struc- 

ture could be regarded as a viscous liquid-like phase 

enveloped by an elastic solid-like part. Note that, here the 
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Fig. 6. Phenomenological viscoelastic model for structural bamboo material: variation of (a) effective viscosity as well as volume fraction of detected 

viscous phases along with (b) E 1eff and E 2eff , evaluated by the adopted viscoelastic model, with loading frequency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“liquid-like” phase does not consider the contribution of

humidity. The physical description along with the gov-

erning equation for such a phenomenological model is

demonstrated in Fig. 3 e and Eq. (1 ), respectively, given

that the viscous phase is analogically considered to be the

Maxwellian model, whereas the elastic part is regarded

to be the elastic spring ( Huo et al., 2012; Huo et al.,

2013 ). The relationship among stress, strain, strain rate,

and relevant parameters is demonstrated by the following

differential equation ( Huo et al., 2012 ): 

σ = E 1 eff ε −
ηeff 

E 2 eff 

d σ

d t 
+ ηeff 

E 1 eff + E 2 eff 

E 2 eff 

d ε 

d t 
(1)

where σ , ɛ and t represent stress, strain, and time, re-

spectively, E 1 eff and E 2 eff are the effective elastic moduli

in Hookean spring and the elastic component in the

viscoelastic model, respectively, and ηeff denotes the effec-

tive viscosity of the viscoelastic model. Here, E 1eff is the

modulus which mainly corresponds to elastic deformation

of the backbone of bamboo structure, whereas E 2eff is the

modulus which is related to the elastic spring and cor-

responds to the bamboo’s viscoelastic phase. Since, E 1 eff,

E 2 eff and ηeff are the effective parameters of individual

parts to the whole unit, we can redefine these parameters

as E 1 eff = ( 1 − χ) E 0 , E 2 eff = χE 0 and ηeff = χη. Here

E 0 is the elastic modulus of the bulk bamboo, η is the

averaged viscosity and χ is the volume fraction of the

viscous phase in bulk structure of bamboo. 

The phenomenological Eq. (1 ), pertaining to the model

shown in Fig. 3 e could be therefore represented by the fol-

lowing differential equation ( Huo et al., 2012 ): 

σ = ( 1 − χ) E 0 ε −
(

η

E 0 

)
˙ σ + η ˙ ε (2)

Here ε = ε(t) represents the input strain function and

σ = σ (t) represents the output stress function. The ‘dot’

symbol on the parameters also represents their first order

time derivatives. The input strain function used in the ex-

periment is of the form: ε(t) = B 0 + B sin ( ωt + φ) , where

B 0 and B are constant, ω = 2 π f is the angular frequency

and φ is the phase angle. Values of these input parameters

were evaluated by performing least-square fitting to the ε
versus t data obtained in the experiment. Eq. 2 could be

solved by using Laplace transformation method (see Sup-

plementary Material ) and the general solution for the Eq. 2

appears as the following form: 

σ ( t ) = A 0 + A sin ( ωt + φ + δ) + A 

′ exp 

(
−E 0 t 

η

)
(3)

where, A 0 = ( 1 − χ) B E 0 , A = 

p 
� , and A 

′ = [ E 0 B 0 χ + σ0 −
E 0 ε0 − E 2 

0 
Bχ√ 

�
cos ( φ + θ )] , with M = E 0 B ( E 

2 
0 
χ ′ + η2 ω 

2 ) , N =
χE 2 0 Bηω , ( χ ′ = 1 − χ ) and, p = 

√ 

N 

2 + M 

2 , � = E 2 0 + η2 ω 

2 ,

δ = tan 

−1 ( N M 

) , θ = tan 

−1 ( 
E 0 
ηω ) . Note that as time pro-

gressed, the contribution from the time dependent terms

became less significant and the output stress function ap-

peared to be a sinusoidal function with a phase shift δ,

which is again a function of the input parameters, and

the structural and mechanical properties of the material.

It is disclosed that the exponential decay term in the

Eq. (3 ) plays an important role particularly in the low-

frequency regime (0.1–1.0 Hz) of the input strain func-

tions. This could be justified by the fact that, in the low

frequency regime, the time duration between two subse-

quent input strain-values is comparatively larger, which

allows relatively more time for the relaxation of the

stress, thereby making the exponential decay term more

significant. 

By comparing the experimental and the fitting curves,

given in Fig. 3 a–d, one can see that the adopted model

along with suitable fitting parameters reasonably explain

and capture the mechanical hysteresis as well as the struc-

tural features of the deformation units of bulk structure of

bamboo, respectively, in both low and high frequency do-

mains. Unlike the cases where the fitting parameters are

independent of the stress rate, the χ and ƞ in the case

of bamboo were strain rate dependent. As displayed in

Fig. 6 a, the χ (volume fraction of viscous phases) in bulk

bamboo is a function of loading frequency, given that it

was roughly ∼0.005 at the lowest loading frequency ( f :

0.1 Hz) while it started to increase with loading frequency

and eventually reached ∼0.5 at f : 100.0 Hz. Similarly, at

f : 0.1 Hz, the extracted ƞ was in the range of ∼0.1 GPa.s,



192 M.K. Habibi et al. / Mechanics of Materials 97 (2016) 184–198 

 

 

 

whereas it increased with loading frequency and eventu- 

ally reached ∼2.0 GPa.s at f : 100.0 Hz. 

From the perspective of the applied stress, the elastic 

components in Hookean spring ( E 1eff) and in Maxwellian 

model ( E 2eff) with the viscous phase also behave differ- 

ently upon the applied stress (see Fig. 6 b). As demon- 

strated in Fig. 6 b, at low and moderate loading frequencies 

( f : 0.1, 1.0 and 10.0 Hz), the E 1eff stayed almost stable at 

∼5.2 GPa, which is pretty close to the storage modulus 

of the bulk bamboo (see Section 3.2; Fig. 5 a), whereas 

it abruptly decreased to ∼2.84 GPa as loading frequency 

increased to 100 Hz. Similarly, E 2eff remained almost 

consistent at around ∼0.03–0.17 GPa at f : 0.1–10.0 Hz, 

respectively, whereas it abruptly increased to ∼3.0 GPa 

as loading frequency jumped to f : 100 Hz. Regarding the 

observed behavior, it is noted that, as far as a dynamic 

loading is concerned, the stress on the phenomenological 

model can be represented by: 

σ = σ1 + σ2 (4) 

where σ 1 , σ 2 denotes the applied stress on the Hookean 

spring and the Maxwellian body, respectively. As the 

frequency of the applied load increases, the bulk bamboo 

becomes more viscous, i.e. the viscous behavior of the 

phenomenological model becomes pronounced, and ac- 

cordingly σ 2 increases while σ 1 decreases, which leads 

to an increase in E 2eff and ƞeff along with the decrease 

in E 1eff. However, despite of tremendous variation in 

E 1eff and E 2eff with increase in loading frequency, their 

summation keeps at a relatively constant level, which 

concludes that the elastic portion within the bulk bamboo 

remains largely undamaged. Moreover, though the volume 

fraction of viscous phases ( χ ) in bamboo structure gets 

pronounced, once the loading frequency reached above a 

certain threshold, the growth does not break down the 

elastic portion of the structure. 

3.4. Viscoelastic behavior of bamboo’s microstructural 

constituents 

To unveil the intrinsic microstructural mechanisms re- 

sponsible for the exhibited viscoelasticity in bulk bamboo, 

viscoelasticity of bamboo’s microstructural phases were 

characterized by utilizing local nano-indentation experi- 

ment. At the outset, the nano-indentation results, achieved 

by using load functions comprised of a fixed t l followed 

by different t h and t u , were processed via Oliver–Phar 

method, Eq. (5 ), to calculate the tip-sample reduced mod- 

uli E r ( Ngan and Tang, 2002 ). 

E r = 

√ 

π

2 

S √ 

A c 

(5) 

where S is the contact stiffness at the onset of unloading 

and A c is the contact area at the full loading, not the resid- 

ual indentation area after the unloading. A c is calculated 

from the contact depth, h c , by assuming the shape func- 

tion of the indenter which is given in Eqs. (6 –7 ) ( Ngan and 

Tang, 2002; Feng and Ngan, 2002 ). In Eq. (7 ), ε is a con- 

stant depending on the indenter geometry, which is 0.75 

for Berkovich tip ( Feng and Ngan, 2002 ) and P max stands 
for the maximum load which was 600 μN here. 

A c = f ( h c ) (6) 

h c = h − ε
P max 

S 
(7) 

Here, owing to the concurrence of creep and elastic de- 

formation in the course of the indentation ( Feng and Ngan, 

2002 ), the contact stiffness S , in both Eqs. (5 ) and ( 7 ) is not

same as the apparent S u (the slope of the unloading curve 

at the onset of unloading); but it is related to S u through 

the relation given in Eq. (8 ) ( Feng and Ngan, 2002 ). The

second term in the right hand side of the Eq. (8 ) is the cor-

rection term owing to creep and thermal drift, given that 

h h is the indenter displacement corresponding to the P n 
and 

˙ P is the unloading rate at the onset of unloading ( Feng 

and Ngan, 2002 ). The load P at which the ‘nose’ appears 

in the unloading load–displacement ( P –h ) curve is denoted 

as P n hereafter. As demonstrated in Fig. 7 , the displace- 

ment continued briefly after the onset of unloading, and 

it passed through a maximum before decreasing, as the 

load dropped further. The final derived E r (for each load- 

ing configuration) along with their corresponding ˙ P and P n 
were eventually fitted into Eq. (9 ) ( Feng and Ngan, 2002 ) 

to extract the viscosity parameter ( σ
˙ ε ) of both fibers and 

parenchyma cells. 

1 

S 
= 

1 

S u 
+ 

h h ∣∣ ˙ P 
∣∣ (8) 

P n − P i = 

4 σ
∣∣ ˙ P 

∣∣
3 ̇ ε E r 

(9) 

where, P i is the constant offset load at zero unloading and 

stands for the stress induced by the friction, which has 

been ignored here ( Feng and Ngan, 2002 ). 

As demonstrated in Fig. 8 a–b, P n depended on the 

unloading rate in a series of independent indentations 

to the same peak load of 600 μN, using the same load- 

ing rate of 60 μN/s, but different holding times before 

the unloading (see Fig. 8 a–b). As illustrated, for both 

fibers and parenchyma cells, P n decreased with reduc- 

tion in the unloading rate | ̇ P | , at each holding time, so 

that from the slope of the P n versus | ̇ P | plots, as men- 

tioned earlier, the viscosity parameter of each phase 

was evaluated. Interestingly, it was observed that fibers 

and parenchyma cells exhibited absolutely different vis- 

coelastic behavior, when they were subjected to similar 

loading configurations (see Fig. 8 c–d). As displayed in 

Fig. 8 c, fibers demonstrated a viscosity of ∼2.0–3.6 GPa.s 

(values varied as the unloading rate changed) at t h = 0–1 s, 

whereas their viscosity sharply diminished with further 

increase in the duration of the applied stress (i.e., t h ) and 

eventually reached the steady value of ∼0.3–0.5 GPa.s at 

t h = 7 s. This decreasing trend of viscosity with respect 

to stress duration is an indication of thixotropic property 

which could be found in certain shear thinning fluids. On 

the contrary, the parenchyma cells showed an opposite 

behavior with respect to stress duration, which is identi- 

fied as the rheopectic property, given that their viscosity 

was observed to improve with increase in the duration of 

applied stress. As displayed in Fig. 8 d, parenchyma cells 
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Fig. 7. Nano-indentation load–displacement ( P –h ) curves of (a) fibers and (b) parenchyma cells: all experiments had the same loading rate to the same 

peak load, same holding time but different unloading rates. (c–d) are the high magnifications of P –h curves revealing the occurrence of nose at the onset 

of unloading, selectively, in the case of fibers. Note: the maximum displacement in the unloading P –h curve is considered as nose here. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

Young’s Modulus (GPa) of cellulose, hemicellulose and lignin obtained 

from the SMD simulations and experiments. 

Material Simulation Experiment 

Cellulose 169, 190 120–140 ( Gibson, 2012 ), 167 

( Gibson, 2012 ), 90–200 

( Youssefian and Rahbar, 2015 ) 

Hemicellulose 4.3, 5.2 5.0–8.0 ( Gibson, 2012 ), 3.5–8.0 

( Youssefian and Rahbar, 2015 ) 

Lignin 3.4, 4.8 2.5–3.7 ( Gibson, 2012 ), 2.0–6.7 

( Youssefian and Rahbar, 2015 ) 

 

 

 

 

 

 

 

 

demonstrated a viscosity of ∼1.8–3.0 GPa.s at t h = 0–1 s,

whereas their viscosity started to rise with increase in

duration of applied stress and eventually reached ∼3.0–

7.0 GPa.s at t h = 7 s. Once more, it is worth mentioning

that, at a fixed duration of stress, a range for the viscos-

ity is given here for both fibers and parenchyma cells,

since their viscosity was found to be different at various

unloading rates (see Fig. 8 c–d). 

3.5. Viscoelastic behavior of bamboo’s molecular building 

blocks 

Computational creep tests of cellulose, hemicellulose

and lignin molecules were carried out by applying an in-

stantaneous constant force and monitoring the engineering

strain of each molecule over the time (see Fig. 9 ). It was

demonstrated that the strain response in the case of cel-

lulose molecule was time independent, which is a typical

behavior of a Hookean spring (see Fig. 9 a, d) and could be

characterized by the Young’s modulus, E . In the case of 25

and 50 nN loading conditions, the E of cellulose molecules

was found to be 190 and 169 GPa, respectively, which is
in a good agreement with the findings in earlier stud-

ies, as presented in Table 2 ( Gibson, 2012; Youssefian and

Rahbar, 2015 ). For the cases of hemicellulose and lignin

molecules, their strain response showed a similar mono-

tonic increase during the simulation timespan (see Fig. 9 b–

c), which is a typical behavior of the viscoelastic material

with the Young’s modulus E and the viscosity η being re-

sponsible for the elastic response and viscous behavior re-

spectively. In order to determine the viscoelastic properties



194 M.K. Habibi et al. / Mechanics of Materials 97 (2016) 184–198 

Fig. 8. Viscoelasticity in the microstructural constituents of bamboo at ambient temperature: effect of unloading rate ( | ̇ P | ) on the load P n (the load at 

which nose occurs in the P –h curves in the course of unloading) in the case of (a) fibers and (b) parenchyma cells. All experiments were done with same 

loading rate of 60 μN/s, but different holding times (0, 1, 3 and 5 s). (c–d): reveals the effect of holding time (stress duration) at the peak load on the 

viscosity parameter of (c) fibers and (d) parenchyma cells. The viscosity parameter is evaluated from the slope of P n versus | ̇ P | plots shown in (a–b) and 

according to Eq. (5 ). 
of the hemicellulose and lignin molecules, the Maxwellian 

model has been adopted to fit the strain–time data (see 

Fig. 9 e). The first component in the equation, as shown in 

Fig. 9 e, is the viscous creep deformation, which is propor- 

tional to the force and the time and can be revealed in the 

deformation of the dashpots; while the second component 

is related to the instantaneous deformation, which is pro- 

portional to the applied force initiated from the spring. For 

the loading conditions of 2 and 3 nN, E was found to be 5.2 

and 4.3 GPa for the hemicellulose molecule respectively, 

which is pretty close to the earlier experimental studies, as 

illustrated in Table 2 ( Gibson, 2012; Youssefian and Rah- 

bar, 2015 ). Meanwhile, E of the lignin molecule was cal- 

culated as 4.8 and 3.4 GPa for the loading conditions of 

1.5 and 1.8 nN respectively. In comparison with the experi- 

mental value, the simulated E of the constructed molecules 

provided an excellent agreement. Furthermore, the viscos- 

ity for the hemicellulose and lignin molecules was found 

to be 39 and 19 Pa ·s, 28 and 15 Pa ·s, respectively, which 

was at a magnitude close to the viscosity of 3 Pa ·s, demon- 

strated for the collagen molecule using MD simulation 

( Gautieri et al., 2012 ). The relatively higher viscosity in the 

case of hemicellulose and lignin molecules, compared to a 
collagen molecule, could be attributed to the larger num- 

ber of non-bonded segments: under constant force creep, 

the segments in the hemicellulose and lignin molecule 

could slide more freely, and the breakage and reform- 

ing of non-bonded interactions could be more frequent; 

thus, their viscous behavior could be more pronounced 

than that in the collagen molecule with a triple helical 

configuration. 

Based on the calculated elastic modulus and viscosity, it 

could be indicated that even if the constructed molecules 

are simplified models from the realistic structures, they 

seem representative enough to allow us to draw general 

conclusions on the viscoelastic properties of bamboo at 

the molecular level. Specifically, the elastic response of 

bulk bamboo could be mainly attributed to the elastic 

deformation in the backbone of crystalline cellulose, the 

amorphous hemicellulose and lignin matrix, whereas the 

viscous behavior could be largely corresponded to the 

viscous properties of the hemicellulose and lignin matrix. 

It is worth mentioning that, in natural materials, cellulose 

molecules could be partially arranged in a strongly dis- 

ordered manner, so called paracrystalline or amorphous 

cellulose ( Wang et al., 2012 ), which could reduce the E of 
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Fig. 9. Single molecule creep test: Mechanical responses to the molecule creep tests of (a) crystalline cellulose, (b) amorphous hemicellulose and (c) 

amorphous lignin. Dots represent the simulation data, whereas lines represent the fitted curves using a Hookean spring model for (d) crystalline cellulose 

and a Maxwellian model for (e) amorphous hemicellulose and amorphous lignin molecules, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cellulose microfibrils at a magnitude of 10 GPa ( Lejeune

and Deprez, 2010 ). In addition, the cellulose at paracrys-

talline or amorphous state might behave as viscoelastic

materials, and contribute to the viscoelastic behaviors

observed at larger scales. Future work could look further

and study the viscoelastic properties of paracrystalline and

amorphous cellulose. 

3.6. Underlying mechanisms for microstructural 

viscoelasticity 

To contribute to the exhibited macroscopic viscoelas-

tic behavior in bulk bamboo, it is disclosed that the
microstructural constituents of bamboo have behaved

distinctly different in the course of the dynamic loading.

The disclosed different behavior of fibers and parenchyma

cells, when subjected to similar dynamic nano-indentation

loading, is basically attributed to their different mi-

crostructures. It is disclosed that, both parenchyma cells

and fibers are mainly constituted by cellulose microfibrils

embedded in a lignin and hemicellulose matrix, whereas

the orientation of microfibrils alongside the amount and

the extent of lignin and lignification (lignification refers to

a complex process which involves the disposition of lignin

on the extracellular polysaccharide matrix), respectively, is

different in the case of both ( Wang et al., 2011 ). Compared
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to parenchyma cells, fibers possess and exhibit smaller 

amount but higher extent of lignin and lignification, 

respectively: our MD simulations demonstrated that the 

hemicellulose and lignin are largely responsible for the 

viscoelastic behavior of bamboo at the molecular level 

and accordingly the difference in the lignin amongst the 

fibers and parenchyma cells could result in their viscos- 

ity variation. The observation of viscosity variation with 

duration of applied stress (see Fig. 8 c–d) also revealed 

that the structure of both fibers and parenchyma cells 

depends on the duration of the applied stress: although 

the fibers and parenchyma cells have similar multi-layered 

cell wall structure, the fibers have a thicker cell wall. 

Accordingly, when the fiber is sheared, a more open space 

would be generated in the cell wall structure, which could 

allow a more pronounced disordering process, which 

result in the disclosed decline in viscosity with stress 

duration, a representative of shear thinning behavior. On 

the contrary, the demonstrated rise in the viscosity with 

stress duration, in the case of parenchyma cells, is a char- 

acter of shear thickening behavior which usually results 

from a certain kind of stress-induced ordering process. 

In such a case, the molecules in the thin cell wall could 

be lined up, along the shearing direction, which could 

lead to the increase in the local density along with the 

viscosity. 

Pertaining to the demonstrated variations in viscos- 

ity of fibers and parenchyma cells with respect to du- 

ration of applied stress, it is concluded that both fibers 

and parenchyma cells contribute in determining the over- 

all viscoelastic damping behavior in bulk bamboo struc- 

ture. In view of the nature of the loadings in the case 

of both macroscopic and microscopic cases, it is reason- 

able to presume that the duration of the applied stress 

in low loading frequencies ( f ≤ 1.0 Hz), in the case of bulk 

bamboo, is almost similar to the t h ≥ 1 s, in the case 

of nano-indentation experiments on bamboo’s microstruc- 

tural constituents. Similarly, it is sensible to consider that 

the duration of the loading in the case of f > 1.0 Hz, in 

the case of macroscopic loading, is almost similar to the 

t h < 1 s in the case of nano-indentation experiments. So, 

in view of the relatively small and large recorded vis- 

cosities for fibers and parenchyma cells, respectively, in 

the case of large duration of applied stress ( t h ≥ 1 s) (see 

Fig. 8 c–d), it is reasonable to speculate that in the case 

of low loading frequencies ( f ≤ 1.0 Hz), fibers behave al- 

most as an elastic phase, whereas the very small viscoelas- 

ticity in bulk structure of bamboo is stemmed out from 

the contribution of parenchyma cells. However, as the du- 

ration of loading reduced, the contribution of fibers in 

viscoelasticity of bulk bamboo increased and both fibers 

and parenchyma cells played almost equally to create 

the overall viscoelasticity of bulk bamboo. As depicted 

in Fig. 8 c–d, both fibers and parenchyma cells demon- 

strated almost similar viscosity in the case of very fast 

loading/unloading, given that fibers and parenchyma cells, 

respectively, exhibited a viscosity of ∼2.0–3.6 GPa.s and 

∼1.8–3.0 GPa.s. 
3.7. Role of moisture content on bamboo’s viscoelastic 

behaviors 

The molecular models in the present study include only 

the three main constituents of bamboo microstructure, 

including cellulose, hemicellulose and lignin. Moisture 

content in bamboo, which can also regulate the material’s 

properties, is not considered here, as most structural 

applications use processed, desiccated bamboo materi- 

als. However, our previous study on the chitin–protein 

composite shows the importance of equilibrium mois- 

ture content on the material’s properties ( Yu and Lau, 

2015 ): chitin–protein composite is the structural material 

of many marine animals including lobster, squid, and 

sponge, and it is found that the dehydrated chitin–protein 

composite exhibits higher elastic modulus compared to 

that in the hydrated state. It is thus expected that the 

equilibrium moisture content in bamboo may affect its 

viscoelastic behavior as well, and a systematic follow-up 

study is required to find out the quantitative variations 

of viscoelastic behaviors at different hierarchical scales of 

structural bamboo materials in the presence of moisture. 

4. Conclusions 

The intrinsic viscoelastic mechanical behavior of struc- 

tural bamboo material has been systematically studied 

here at multiscale, to understand the viscoelasticity in hi- 

erarchical biological structures from the macroscopic scale 

down to the molecular scale. It has been demonstrated 

that desiccated bamboo culm exhibited a viscoelastic 

damping behavior, when subjected to dynamic compres- 

sive loading, given that the viscosity ( η) and the volume 

fraction of viscous phases ( χ ) significantly increased with 

increase in loading frequency. At low loading frequencies, 

the small evolved viscous phases within the parenchyma 

cells were mainly responsible for the small viscoelasticity 

in bulk bamboo, whereas the disclosed large viscoelas- 

ticity in bulk bamboo under high loading frequencies 

was stemmed out from the concurrent contribution of 

fibers and the parenchyma cells. Furthermore, it has 

been disclosed that the hemicellulose and lignin matrix 

largely contribute to the microscale viscoelastic behav- 

ior of bamboo’s microstructural constituents as well as 

the macroscopic viscoelastic behavior observed in bulk 

bamboo structures. It is expected that the present study, 

including multi-scale mechanical experiments coupled 

with computational approaches, could provide valuable 

insights for designing bamboo-inspired composites with 

desired damping behavior as well as understanding the 

intrinsic viscoelasticity in other hierarchical-structured 

biological materials. Moreover, the obtained simulation 

results will be very important input for developing the 

mesoscale model of fibers and parenchyma cells by using 

the coarse-grained technique, which is of great use to 

characterize the viscoelastic behavior of bamboo’s mi- 

crostructural constituents from the bottom–up approach. 
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