TENSILE PROPERTIES OF SINGLE RATTAN FIBERS
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Abstract. The longitudinal tensile strength of single fibers of four rattan species, namely C. simplicifolius,
C. nambariensis Becc. var. yingjiangensis, C. nambariensis var. xishuangbannaensis, and C. yunnanensis,
was studied using a custom-built short vegetable fiber mechanical tester. The stress—strain curves produced
by the four different rattans showed two distinct phases: a steep, straight segment in the initial phase
followed by a straight line with a lower slope up to the breaking point. The respective average values
for tensile elastic modulus, tensile strength, and elongation at breaking point of C. simplicifolius,
C. nambariensis.var. xishuangbannaensis, C. yunnanensis, and C. nambariensis var. yingjiangensis canes
were 10.61, 10.05, 9.10, and 9.54 GPa; 603, 566, 464, and 539 MPa; and 17.00, 17.24, 16.44, and 21.08%.
The length position of the single fibers in the cane had variable effects on the three aforementioned
properties for all four sampled rattan species. The tensile properties of C. simplicifolius fibers were highest.
Compared with wood and bamboo, modulus of elasticity and tensile strength of the studied rattans were
much lower, whereas elongation at breaking point of single rattan fibers was generally higher.
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INTRODUCTION

Plant fibers are renewable, readily available,
biodegradable, and combustible with minimal
environmental impact during their whole life
cycle (Robson et al 1993). Plant fibers possess
versatile advantages of high strength-to-weight
ratio and low density, which makes them a
potential replacement for manmade fiber in
fiber-reinforced composites (Baley 2002; Li
et al 2009; Reddy and Yang 2009; Ramires et al
2010). Single fibers are the principal load-
carrying component of fibrous materials and
give excellent mechanical properties in fiber
products. The study of mechanical behavior of
single plant fibers is now gaining considerable
interest not only because they can be used as
reinforcement in fiber-based composite materials,
but also because direct correlations can be made
between mechanical fiber properties and the
microstructure and chemical composition of
plant cell walls. In this field, tensile testing of
single fibers is a tool used to analyze mechanical
properties at the cellular level. For example,
pulped fibers from wood have been examined
for their mechanical behavior as a function of tree
species (Jayne 1959, 1960), microfibril angle
(Page and El-Hosseiny 1983; Sedighi-Gilani
Navi 2004), moisture content (Spiegelberg 1966;
Ehrnrooth and Kolseth 1984), and hemicellulose
content (Spiegelberg 1966). In addition to pulped
wood fibers, some researchers have also studied
the tensile strength of single wood fibers
(Kersavage 1973; Burgert 2005; Marjan 2006;
Keunecke et al 2008). Among these researchers,
Groom et al (2002a, 2002b) and Mott et al (2002)
have presented a systematic investigation of a
loblolly pine tree showing the influence that the
position of a fiber within a tree, both in terms of
height and growth ring number, plays on the
properties of individual fibers.

In recent years, the tensile properties of short,
single bamboo fibers have also been investi-
gated (Huang et al 2009; Cao et al 2010; Yu
et al 2011a, 2011b; Nahar and Hasan 2013). For
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example, Yu et al (2011a) studied the tensile
properties of single moso bamboo (Phyllostachys
pubescens) fibers and analyzed the effect of
moisture content on the tensile performance
using a custom-built mechanical tester for fibers
down to about 2 mm long.

Rattans are a renewable resource and are spiny,
climbing representatives of the palm family in
the Old World tropics. With their strength and
flexibility, canes are easily bent and have multi-
ple uses in weaving, matting, and fine basketry.
Rattan, being a monocot, lacks the necessary
lateral meristems to undergo secondary growth.
Only limited diameter growth is possible
through ground parenchyma cell enlargement
(Tomlinson 1961). Rattan fibers, along with
wood and bamboo fibers, are an interesting
alternative to synthetic fibers. However, there is
only limited information available on the tensile
properties of single rattan fibers. To our knowl-
edge, there is only one report on tensile proper-
ties of single rattan fibers for Daemonorops
margaritae (Wang et al 2012).

To obtain a better and more comprehensive
understanding of the mechanical behavior of
single rattan fibers, four typical species of rat-
tan, belonging to the genus Calamus, grown in
the two major rattan distribution areas in China,
were selected for testing. In this study, the
mechanical properties of single fibers from four
rattan species were investigated with the ball-
and-socket system and a microtester for longitu-
dinal mechanical properties determination of
short vegetable fibers. Also, the variations of
tensile properties were analyzed in the four rat-
tans along the length of the cane.

EXPERIMENTAL
Materials

Canes of Calamus simplicifolius Wei. (A) were
collected from Qiongzhong City, Hainan Prov-
ince, China, whereas C. nambariensis Becc. var.
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xishuangbannaensis S.J. Pei et S.Y. Chen (B),
C. yunnanensis S.J. Pei et S.Y. Chen (C), and C.
nambariensis Becc. var. yingjiangensis S.J. Pei
et S.Y. Chen (D) canes were collected from
Mengsong Village, Xishuangbanna City, Yun-
nan Province, China. To easily record observa-
tion, the four rattans were marked A, B, C, and
D, respectively. Because the samples were
selected from native stands, the ages of the four
tested rattan samples were undefined. The aver-
age cane length and diameter of A, B, C, and D
were 24.20 m and 17.6 mm, 13.14 m and 14.90
mm, 16.29 m and 12.7 mm, and 17.79 m and
23.2 mm, respectively.

Microtensile Test

Sample preparation. Three canes of each rat-
tan species with mature appearance and without
obvious signs of defects were selected. The
selected canes were divided into several seg-
ments from base to top. Every segment
contained 10 internodes. At the middle of each
segment, a 30-mm height cylinder was sawn,
and small cubic blocks with dimensions of
approximately 1 x 1 x 5 mm (radial x tangen-
tial x longitudinal [R x T x L]) were cut from
the cortex, middle, and core of each cylinder.
Subsequently, the small cubic blocks were mac-
erated in a mixture of glacial acetic acid and
hydrogen peroxide (Groom et al 2002b) at 60°C
for 14-16 h until the samples became white in
appearance. Fibers were transferred to a glass
slide using a pipette. Under a microscope, rattan
fibers with minimal damage were carefully
selected and placed across a gap on an organic

Figure 1.
its ends acting as anchoring points.

Single rattan fiber with two droplets of epoxy at

521

glass panel. With super fine tweezers, two epoxy
droplets with approximate diameters of 200 pm
were then placed at the ends of each fiber with
an approximate spacing of 0.7-0.8 mm. The
epoxy was then allowed to solidify at 60°C for
more than 8 h followed by an additional balance
in room conditions for 24 h. Figure 1 shows a
prepared sample of a single rattan fiber.

Microtensile test. In this study, a custom-built
fiber gripping system was applied and combined
to a small commercial high-resolution mechani-
cal tester (Instron Microtester 5848, Norwood,
MA). The load cell capacity was 5 N. Elonga-
tion was recorded from the crosshead movement
with a displacement resolution of 0.02 pm and a
constant rate of 48. The cell wall areas of every
broken fiber were determined with a confocal
scanning laser microscope (Meta 510 CSLM, Carl
Zeiss, Jena, Germany). Details on the microtensile
assembly, the longitudinal tension experiment
procedure as well as the cross-sectional area mea-
surements are referred to in Yu et al (2011a). For
each section of the four rattan species, 30 fibers
were tested.

Microfibril Angle Measurement

Three sections with dimensions of 1 x 10 x
20 mm (R x T x L) were cut from every 10th
internode from base to top. Microfibril angle
(MFA) was tested by a powder X-ray diffractom-
eter (X’Pertpro, Panalytical, The Netherlands).
The mean MFA of several hundred cells was
determined by a diffraction pattern (Fig 2)
according to the Gaussian fitting method of Cave
(1997) and calculated by Eqs 1 and 2 with the
method of 0.6 T. Two of Gaussian doublet fit-
tings were adopted to decrease error.

—@—mj

y=a-+by-exp (1)
l 262

—(x — u—180)*
+ by -exp| ———————
[ 203

where a is a constant; # and u — 180 are the
center of two peaks; 6; and o, are determined
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Figure 2. X-ray diffraction pattern of microfibril angle in

rattan and Gaussian fitting.

by peak width at half height; and the following
by and b, mean peak height.

(T1+T2+T3+T4) v
4
where T, = o+ 0, (i=1,2,3,4).

MFA =

06 (2)

RESULTS AND DISCUSSION
Mechanical Behavior in Tension

Figure 3 shows the typical stress—strain curves
of single rattan fibers under longitudinal tension.
For all four rattans, although they have different
slopes, the observed stress—strain curves show
similar trends and exhibit plastic fracture. The
curves for the four rattans can be divided into

700
C. simplicifolius

600 C. nambariensis A
g var . .\'i.s'.'.lmmgf:zm;\rawwf.\‘
§ 500} \
~ -
~ 400 S
1] :
o C. nambariensis
A 300 LA \ var. vingjiangensis

200F / C. yunnanensis

100] o

| | | L
0 4 8 12 16 20
Strain (%)
Figure 3. Stress—strain curves of single fibers of four rat-

tan species under longitudinal tension.
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two phases: a straight segment in the initial
phase followed by a slightly lower slope until
the breaking point. This behavior is commonly
found in plant tissues with large MFA in the S,
layer (Navi et al 1995; Kohler and Spatz 2002;
Keckes et al 2003; Keunecke et al 2008). In
this study, the average MFA of all four rattans
was greater than 23° (Fig 4). Yu et al (2011a)
found that bamboo fibers with MFA of 10°
exhibited linear stress—strain behavior to fail-
ure. The stress—strain curve and tensile behavior
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Figure 4. Data concerning the microfibril angle and
mechanical properties of single rattan fibers.
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of rattan are greatly different from that of single
bamboo fibers (Huang et al 2009; Yu et al
2011a) that might be concerned with the large
MFA of rattan.

Average and standard deviation values of tensile
strength, tensile elastic modulus, and elongation
at breaking point are presented in Fig 4. Analy-
sis of variance (ANOVA) showed that the ten-
sile elastic modulus, tensile strength, and
elongation significantly differed in A, B, C, and
D. The average values of tensile elastic modulus
and tensile strength of A and C are 10.61 GPa
and 603 MPa and 9.10 GPa and 464 MPa,
respectively, representing the maximum and
minimum values of the four rattan species sam-
pled. This difference in mechanical performance
could be affected by the MFA. The maximum
value of elongation at breaking point was
21.08% in species D. For all four sampled rattan
species, the average tensile strength and tensile
elastic modulus were lower than that of
Phyllostachys pubescens (Yu et al 2011a) and
Cunninghamia lanceolata (Cao et al 2010),
which produced values of 1560 MPa and 33.03
GPa and 1258 MPa and 19.90 GPa, respectively.
This implies that rattan has weaker tensile prop-
erties than moso bamboo and Cunninghamia
lanceolata. In contrast, the elongation at breaking
point for all four rattans was higher than that
observed in Cunninghamia lanceolata and Moso
bamboo, which typically have average values of
6.6 and 7.0%, respectively (Cao et al 2010). This
indicates that rattan is tougher than wood and
bamboo, which is consistent with the stress—
strain curve resulting from the four sampled rat-
tan species. This is one of the reasons why rattan
is such a good material for weaving applications.

Variation in Tensile Elastic Modulus Along
the Length of the Cane

Figure 5 shows the variation in tensile elastic
modulus of single rattan fibers in four rattan
species along the length of the cane. ANOVA
indicated that the tensile elastic modulus of A,
B, C, and D significantly differed among all
their internodes. The tensile elastic modulus of
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Figure 5. Variation in tensile elastic modulus of single
fibers of four rattan species along the length of canes.
Nodes are numbered from the cane base to the apex.

A samples exhibited a tendency to decrease as
the cane length increased from the base to the
apex. The greatest value of tensile elastic modu-
lus for A was found at the 10th internode from
the base to the apex, whereas the lowest value
was observed at the 90th internode. Similar
opinions were drawn by Chowdhury (2004) in
evaluating macroscopic modulus of elasticity of
Daemonorops jenkinsiana rattan cane. In con-
trast, although the degrees of increase vary
among species, the tensile elastic modulus for
B, C, and D samples tended to increase as the
length of the cane increased. The tensile elastic
modulus of B showed a linear increase. The
tensile elastic modulus for C samples displayed
a fluctuating trend along the length of the
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cane with the maximum value recorded at the
40th internode.

Variation of Tensile Strength Along
the Length of the Cane

Variations in tensile strength along the length of
the cane for single rattan fibers are shown in
Fig 6. The variation in tensile strength of A, B,
and C samples displayed a decreasing pattern
with increasing length along the cane. Con-
versely, the tensile strength of D samples tended
to increase as the cane length increased. ANOVA
indicated that the tensile strength of A, B, C, and
D significantly differed among all their inter-
nodes. The maximum tensile strength values for
A, B, and C samples occurred at the 10th inter-
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Figure 6. Variation in tensile strength of single rattan

fibers of four rattan species along the length of the cane.
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node. However, the corresponding maximum
value for D was found at the 50th internode near
the top of the cane. The average value for tensile
strength in A, B, and C samples decreased by
37.5, 10, and 36.7%, respectively, from the base
to the top of the cane, whereas for D, the corre-
sponding average value increased by 13.2% in
the same direction.

Variation of Elongation at Breaking Point
Along the Length of the Cane

Figure 7 shows the variation in elongation at
breaking point for single rattan fibers from four
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from four different rattan species along the length of the cane.
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different rattan species along the length of the
cane. ANOVA indicated that elongation of A, B,
C, and D significantly differed among all their
internodes. For A and D samples, elongation at
breaking point values fluctuated along the length
of the cane with an obvious increase in elonga-
tion for A from the 30th to the 80th internode.
The variation in elongation for B and C samples
conversely shows a decreasing trend as the length
of the cane increased. The maximum values
of elongation for B and C are both recorded near
the base position. Therefore, the relationship
between length along the cane and elongation
was the direct opposite of that for the tensile
elastic modulus. This is consistent with the rela-
tionship between stiffness and toughness with the
tensile elastic modulus representing stiffness and
the elongation representing toughness.

From this study, C. simplicifolius canes were
judged to have better tensile properties, whereas
C. nambariensis var. yingjiangensis canes had
better toughness properties. This may have been
caused by the different MFA and species. Bhat
(1992) thought that species, age, stem position,
specific gravity, and moisture content were the
important factors influencing mechanical behav-
ior of canes. Mohmod and Yahaya (1992) con-
sidered that vascular bundle frequency and fiber
wall thickness were correlated with mechanical
properties. Abasolo et al (2000) found that a
nonlinear relationship existed between MFA
and the longitudinal Young’s modulus. There-
fore, the mechanical properties of rattan are
determined by its complex structure and chemi-
cal composition. In the future, more work should
be done to determine the correlation between
mechanical properties of single rattan fibers and
all the previously mentioned attributes.

CONCLUSION

The mechanical tension properties of single
fibers of four rattan species were tested and
compared. The stress—strain curves showed sim-
ilar trends and consisted of two phases: a steep
segment in the initial phase followed by a less
steep phase. The MFA of four rattan canes were
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all beyond 23°. The four species of single rattan
fibers had lower tensile elastic modulus and ten-
sile strength and higher elongation at breaking
point than bamboo. Among the tested samples,
C. simplicifolius fibers with smaller MFA were
found to have better tensile properties. The
mechanical properties significantly differed among
the internodes. However, the length position of
the single fibers in the sampled canes had vari-
able effects on the tensile elastic modulus, tensile
strength, and elongation at breaking point.

ACKNOWLEDGMENTS

We thank the Chinese National 12th Five-Year
Plan Science and Technology Project
(2012BAD54G01) for providing financial sup-
port for this research.

REFERENCES

Abasolo WP, Yoshida M, Yamamoto H, Okuyama T (2000)
Microfibril angle determination of rattan fibers and its
influence on the properties of the cane. Holzforschung
54(4):437-442.

Baley C (2002) Analysis of the flax fibres tensile behaviour
and analysis of the tensile stiffness increase. Compos Part
A-Appl S 33(7):939-948.

Bhat KM (1992) Rattans as industrial material of the future.
Pages 183-192 in Rattan management and utilization. Proc
Rattan (Cane) Seminar, Trichur, India, 29-31 January.

Burgert 1 (2005) Properties of chemically and mechan-
ically isolated fibres of spruce (Picea abies [L.]
Karst.). Part 3: Mechanical characterization. Holzforschung
59(3):354-357.

Cao SP, Wang G, Yu Y, Cheng HT, Chen H (2010) Com-
parison of mechanical properties of different single vege-
table fibers. Journal of Nanjing Forestry University
34(5):87-90 (Natural Science Edition).

Cave ID (1997) Theory of X-ray measurement of microfi-
bril angle in wood. Wood Sci Technol 31(4):225-234.

Chowdhury MQ (2004) Assessment of some physical and
mechanical properties of Golla bet (Daemonorops
Jjenkinsiana) from north-eastern region of Bangladesh. J
Bamboo Rattan 3(3):195-201.

Ehrnrooth EML, Kolseth P (1984) The tensile testing of
single wood pulp fibers in air and in water. Wood Fiber
Sci 16(4):549-566.

Groom L, Mott L, Shaler SM (2002a) Mechanical proper-
ties of individual southern pine fibers. Part I. Determina-
tion and variability of stress-strain curves with respect to
tree height and juvenility. Wood Fiber Sci 34(1):14-27.



526

Groom L, Shaler S, Mott L (2002b) Mechanical properties
of individual southern pine fibers. Part III. Global rela-
tionships between fiber properties and fiber location
within an individual tree. Wood Fiber Sci 34(2):238-250.

Huang YH, Fei BH, Yu Y, Wang G, Zhao RJ (2009) Study
on the mechanical properties of moso bamboo single
fiber. China Pulp & Paper 28(18):10-12.

Jayne BA (1959) Mechanical properties of wood fibers.
Tappi J 42(6):461-467.

Jayne BA (1960) Some mechanical properties of wood
fibers in tension. Forest Prod J 10(6):316-322.

Keckes J, Burgert I, Friihmann K, Miiller M, Koélln K,
Hamilton M, Burghammer M, Roth SV, Stanzl-Tschegg
S, Fratzl P (2003) Cell-wall recovery after irreversible
deformation of wood. Nat Mater 2(12):810-813.

Kersavage PC (1973) Moisture content effects on tensile
properties of individual Douglas-fir latewood tracheids.
Wood Fiber Sci 5(2):105-117.

Keunecke D, Michaela E, Burgert I, Niemz P (2008)
Micromechanical properties of common yew (Taxus
baccata) and Norway spruce (Picea abies) transition
wood fibers subjected to longitudinal tension. J Wood
Sci 54(5):420-422.

Kohler L, Spatz HC (2002) Micromechanics of plant tissues
beyond the linear-elastic range. Planta 215(1):33-40.

Li X, Li YH, Zhong ZK, Wang DH, Ratto JA, Sheng KC,
Sun XS (2009) Mechanical and water soaking properties
of medium density fiberboard with wood fiber and soy-
bean protein adhesive. Biores Technol 100(14):3556-3562.

Marjan SG (2006) A micromechanical approach to the
behaviour of single wood fibers and wood fracture
at cellular level. PhD thesis, University of Tehran,
Tehran, Iran.

Mohmod AL, Yahaya SN (1992) Anatomical characteris-
tics of five Malaysian canes and its relationship with
physical and mechanical properties. Pages 207-213 in
Rattan management and utilization. Proc Rattan (Cane)
Seminar, Trichur, India, 29-31 January.

Mott L, Groom L, Shaler S (2002) Mechanical properties of
individual southern pine fibers. Part II. Comparison of
earlywood and latewood fibers with respect to tree height
and juvenility. Wood Fiber Sci 34(2):221-237.

WOOD AND FIBER SCIENCE, OCTOBER 2014, V. 46(4)

Nahar S, Hasan M (2013) Effect of chemical composition,
anatomy and cell wall structure on tensile properties of
bamboo fiber. Eng J AISC 17(1):61-68.

Navi P, Rastogi PK, Gresse V, Tolou A (1995) Micro-
mechanics of wood subjected to axial tension. Wood Sci
Technol 29(6):411-429.

Page DH, El-Hosseiny F (1983) The mechanical properties
of single wood pulp fibers. Part VI. Fibril angle and the
shape of stress—strain curve. J Pulp Paper Sci 9:99-100.

Ramires EC, Megiatto JD Jr, Gardrat C, Castellan A,
Frollini E (2010) Biobased composites from glyoxal—
phenolic resins and sisal fibers. Biores Technol
101(6):1998-2006.

Reddy N, Yang YQ (2009) Properties and potential appli-
cations of natural cellulose fibers from the bark of cotton
stalks. Biores Technol 100(14):3563-3569.

Robson D, Hague J, Newman G, Jeronomidis G, Ansell M
(1993) Survey of natural materials for use in structural
composites as reinforcement and matrices. BioComposites
Centre, University of Wales, Wales, UK.

Sedighi-Gilani Navi, MP (2004) Influence of local variation
of microfibril angle on tensile behavior of individual
wood fibers. Pages 27-35 in Proc Wood Machining Con-
ference, Vienna, Austria.

Spiegelberg HL (1966) The effect of hemicelluloses on the
mechanical properties of individual pulp fibers. Tappi J
49(9):388-396.

Tomlinson PB (1961) Anatomy of the monocotyledons II.
Palmae. Clarendon Press, Oxford University Press,
Oxford, UK.

Wang YH, Wang R, Gao LY, Zhou X, Zhang LF, Jiang ZH,
Fei BH, Liu XE, Tian GL (2012) Mechanical properties
of single daemonorops margaritae fiber. Journal of
North-East Forestry University 40(12):87-89.

Yu Y, Jiang ZH, Fei BH, Wang G, Wang HK (2011a) An
improved microtensile technique for mechanical charac-
terization of short plant fibers: A case study on bamboo
fibers. J Mater Sci 46(3):739-746.

Yu Y, Tian GL, Wang HK, Fei BH, Wang G (2011b)
Mechanical characterization of single bamboo fibers with
nanoindentation and microtensile technique. Holzforschung
65:113-119.



	TENSILE PROPERTIES OF SINGLE RATTAN FIBERS
	INTRODUCTION
	EXPERIMENTAL
	Materials
	Microtensile Test
	Sample preparation.
	Microtensile test.

	Microfibril Angle Measurement

	RESULTS AND DISCUSSION
	Mechanical Behavior in Tension
	Variation in Tensile Elastic Modulus Along the Length of the Cane
	Variation of Tensile Strength Along the Length of the Cane
	Variation of Elongation at Breaking Point Along the Length of the Cane

	CONCLUSION
	REFERENCES


