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Abstract

The purpose of this study is to find a rotation phenomenon around the fibre axis of a kenaf fibre, a repre-
sentative multi-cell type fibre, during tensile loading, and clarify the relation between rotation behavior
and fibre mechanical properties. Results showed that, although many fibre specimens did not rotate
during tensile loading, the rotation was confirmed for approximately one fourth of all the specimens.
Rotation identified fibres indicated a slight decrease in strength, as compared with non-rotating fibres.
Furthermore, to clarify rotation mechanism of multi-cell type natural fibres, a 3D finite element model
was constructed in which spiral structure of cellulose microfibrills (CMF) was taken into account. As
a result, rotation phenomenon was estimated to be caused by the helical structure of CMF. Moreover,
the influence of variation in microfibrillar angle on Young’s modulus was explored for a single cell fibre
using the finite element model.

1. Introduction

Nowadays, global environmental problems about CO, emission become serious concerns, and therefore
a number of biomass-based material researches are being increased. Natural fibres, such as flax, ramie
and kenaf, are often used as reinforcement of natural fibre composites. These composites is expected
for practical use as unidirectional composites and injection-molded material[] In general, plant-based
natural fibres is composed of single elementary fibre in many cells. Cellulose microfibrils (hereinafter,
referred to CMF) in the cell of natural fibre are helically oriented in the cell axis. The orientation angle
of CMF called ‘microfibrillar angle’ (hereinafter, referred to MFA) is often said such that it is important
parameter to influence mechanical properties of natural fibres [1, 2]. Relationship between MFA and me-
chanical property have been discussed based on natural fibre consisting of one cell (hereinafter, referred
to as ’single cell’ fibres) [3]. Recently, it is also discussed about natural fibres consisting of many cells
(Hereinafter, referred to as 'multi-cell’ fibres) [4, 5].

On the other hand, rotation during swelling or tensile loading has been identified as specific phenomenon
of plant-based natural fibres [3, 6, 7]. It is considered that rotation is caused by helical orientation of
the cellulose microfibrils. The mechanism of this phenomenon has been discussed in the basis of the
structure of a single-cell fibre as in the above references [3, 6, 7], but not been done from the viewpoint
of the multi-cell structure.
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The purpose of this study is thus to investigate the effect of rotation behavoir on mechanical properties by
single fibre test using a kenaf fibre, one of the representative multi-cell fibres. The rotation phenomenon
of a multi-cell type fibre is also discuseed using a 3D finite element model. Furthermore, the influence
of statistical variation in MFA on Young’s modulus was also investigated using the 3D-FEM.

2. Experiment method

Natural fibre used in experiment is a kenaf fibre (Hibiscus cannabinus), one of typical multi-cell fibres.
A typical kenaf fibre cross-section is shown in Fig.1. Single fibre tensile test was carried out using a
tension and compression testing machine produced in Yamaguchi University, to which a 20N load cell
was attached. The gauge length of the tensile specimen was 25 mm, the tensile speed was 1.0 mm/min
and the number of samples was forty two. The projective widths of the specimen were measured from
three directions of 0, 60 and 120 degrees at 0.1 mm interval along its axial direction, using a laser
scan micro-meter (LSM-500S, Mitutoyo Corporation, Japan). The fibre cross-sectional area was then
estimated using DBA (Data-based approximation) method [8, 9]. In this study, the shape of cross-section
was assumed as a hexagon. Displacement during tensile test was measured using a laser displacement
meter (KEYENCE, LS-7500, Japan), and changed to nominal strain. Finally, the stress-strain diagram
was made for each specimen, and Young’s modulus was calculated based on a linear strain interval of
0.2% in the range of 0.2% to 0.6% strain. In this study, one of the specimen’s griping jigs was designed
as a free condition at the rotation direction. The upper jig was linked with a metal ring, which was
supported by a metal rod. The ring can therefore turn within the range less than +90 degree rotation
angle. Thus, the fiber specimen can rotate around the fiber axis, if any rotating mechanism works inside
the fiber during tensile test. Fibre rotation angle was measured during tensile test from motion images,
which were photographed by a digital microscope (KH-1300, HiROX). Rotation angle was determined
from the following equation as :

L = xo — xpcosy + yg siny (1

where, L, xo and yo are the measured distance of movement path, and the position coordinates of the
initial feature point, respectively. In this study, the origin was recognized as the cross point of three
diagonal lines in an assumed hexagon [8], derived from DBA, and yy was assumed as a point on a side
of the hexagon. Rotation angle was obtained by solving eq. (1) by an implicit method.

3. Experimental result

Figure 2 shows the fibre surface during tensile test. The feature point, as shown in the arrow, moves
to the left (Fig. 2(a)) from the right (Fig. 2(c)), as well as movement to the upper side. Fibre rotation
of Fig. 2 is anticlockwise at the top view. It is also observed in Fig. 2 that the fibre width changes
with rotation because kenaf fibre cross-section exhibits a complicated shape. On the other hand, some

i

I
|
i
|
{1\

oo

i
1
(c

llil
)

~
o
~

20pum

Figure 2. Rotation of a kenaf fibre during tensile

Figure 1. Typical cross-section of a kenaf fibre. test
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Table 1. Tensile properties of kenaf fibre specimens.

Corresponding number Tensile strength  Young’s modulus

(MPa) (GPa)
350 33.0

Total 42 (0.331) (0.303)
| 331 32.8

RI specimens 11 (0.266) (0.330)
357 33.1

NRI specmens 31 (0.347) (0.293)

The values in parentheses are coefficients of variation. NRI: non-rotation identified.

specimens rotated clockwise. But, as been in Table 1, many specimens did not rotate in this study.

Table 1 shows the results of tensile test of the specimen. The total number of specimens was 42, but
rotation identified specimens (hereinafter, this is denoted as ‘RI-specimen’) and were only eleven, about
one fourth of all. Rotation angle of specimens was able to be measured for nine specimens. Tensile
strength of RI-specimens decreases slightly, as compared with the result of all specimens, but their
difference is not so significant. Young’s modulus of RI-specimens is also even, as compared to that of
the all specimens. If the rotation behavior is attributed to the internal structure of the multi-cell fibre,
strength of plant-based natural fibre would be sensitive to structure. And also we would say that stiffness
is almost insensitive to the structure. The correlation coefficient of between tensile strength and rotation
angle was calculated as -0.211. On the other hand, the correlation coefficient between Young’s modulus
and rotation was -0.518. This value is accepted as a mild correlation between both of them. However,
the coefficient values obtained in this study is not sufficiently reliable, because these are estimated only
from nine data. Relation of strength and stiffness to rotation angle of the specimens requires further
investigation as a future issue. Thus, the rotation mechanism of the multi-cell fibre is discussed from the
viewpoint of simulational approach using 3D-FEM.

4. Discussion

4.1. 3D-FEM method

As mentioned above, fibre rotation was observed during a single fibre tensile test. This mechanism is
considered as follows: CMF is spirally placed around the cell axis. MFA is reduced during tensile load-
ing, which results in fibre rotation. However, in multi-cell type fibres, elementary cells are mutually
bonded at inter-cells through substances such as lignin and pectin. Thus, verification of rotation mecha-
nism needs some mechanical modeling. From such point of view, we decided to make a longitudinally
arranged multi-cell model, using 3D-FEM.

The finite element model used here was an isoparametric 8-node hexahedral element. The cross-section
of one cell model is assumed as a hexagon with a hole, as shown in Fig. 3(a). The unit cell of Fig.
3(a) was piled up, as shown in Fig. 3(b). Each element was assumed as an orthotropic body, because
microfibrils are recognized as a unidirectional fibre bundle. The length of one side of a hexagon was
approximated as 0.005mm with reference to the cross-sectional photo of a kenaf fibre, and the longitu-
dinal length of an element was 0.02 mm. In general the stiffness matrix in the stress-strain relation of an
orthotropic body is expressed by a transformation matrix. In this study, the transformation matrix [T] to
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Figure 3. FEM mesh of one elementary cell. (a) Cross-sectional FE mesh, (b) 3D-FE mesh

express MFA was given as:

[ 2 m? n? 2lm 2mn 2nl
l/2 le n/2 2l/m/ 2m1n/ 2n/l/
[T] _ l//2 m/l2 n//2 21//m// zmun// 2n//l// (2)
v omw Im" +U'm mn’ +m'n nl’ +n'l
l/ll/ m/ml/ n/n// llm/l + l//m/ mlnll + mlln/ n/l/l + n/ll/
L7 mm” nn” Im” +0U"m mn” +m’n nl” +n"l
[=cos¢p m=—singsind n=—singcosf
'=0 m’ = cos6 n’ = —sinéd

I” =sing m” =cos¢sind n”’ =cos¢cost

where, ¢ and 6 are rotation angles of x-z and y-z planes, respectively, as shown in Fig. 4. MFA denoted
as @, and CMF-axis are given with the angle a from z-axis as shown in the element of Fig. 4, which is
perpendicular to the normal line extending to a radial direction on the x-y plane from the origin O . As
indicated by arrows in Fig. 4, when it is moved toward the origin O, CMF-axis coincides with the vector
OR and therefore « is given by the inverse function of cos ¢ cos 6. ¢ and 6 were estimated by assigning
B following the coordinates of each element, in order to express MFA spirally around z-axis. Table 2
shows the conversion formula.

The material constants used were given as follows:
E1 = E2 =10.0 GPa, E3 =30.0 GPa, G12 = G23 = G31 =70 GPa, V3l = V3 = 0.2, Vi2 = 0.3

These constants were assumed based on the present experiment and the references [4, 10, 11]. Nodal-
points at the bottom were fixed along the z-axis, and a forced displacement of 0.002mm was given as
a boundary condition at the top along the z-axis. Then, helical structure of CMF was assumed as Z-
helix[12]. In this study, the tensile direction was only z-axis, and no load was applied along x- and
y-axes. In addition, nodal points around the hole in the unit cell at the bottom were fixed along x- and
y-axes. The FEM code used in this study is an original program developed by the authors.

4.2. Simulation results

Figure 5 shows the top view of nodal-points position obtained in the one-cell model when a=10 °.
Z-helix is a helical structure of the anticlockwise at the top view, and therefore clockwise rotation is
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Table 2. Relation of MFA (@) and location angle 8 to coordinate transformation angles ¢, 6

First quadrant Second quadrant Third quadrant Forth quadrant
¢ tan~'(tanacos(r—p)) tan~!(tan(r —a)cos(r+B)) tan~! (tan(m — @)cos(—B)) tan~! (tanacos (B))
0 cos! [ 252 cos! [0S (m—a) cos-! [ (m— ) cos! [—S08 @
cos ¢ cos ¢ cos ¢ cos ¢

CMF axis

z-axis

,. -

in an element Relation between CMF
and z-axis on a plane

Figure 4. Schematic of coordinates transformation on x-z and y-z planes.

generated by applying a tensile load, as shown in Fig. 5. Rotation angle was 4.89° per 0.2 mm fibre
length (24.5°/mm), and Young’s modulus of fibre axis direction (off-axis direction) was obtained as 28.6
GPa.

In general, according to orthotropic theory, the off-axis elastic modulus of a lamina, E(a), is given as:

4 . 4 -1
1 2
E(a) = {CO; " (— - —Vlz)cosza csin? @ + oo a} 3)

1 G Lk E,

where, « is an off-axis angle. By substituting the material constants described in the above into eq. (3),
the elastic modulus was calculated as 28.5 GPa. This value is slightly lower than the value, 28.6GPa,
obtained in the present FE model. To simulate a multi-cell structure, one-cell model is extended to the
model consisting of seven hexagons, as shown in Fig. 6. As a result, clockwise rotation was confirmed
similarly to one-cell model as shown in Fig. 7. Rotation angle was obtained as 0.95° (4.75° /mm),
although rotation angle is smaller than the one-cell model. This is because microfibrils in the elements
at neighboring cells incline each other to the opposite direction. Young’s modulus was obtained as 29.1
GPa, this value is larger than that of one-cell model. Young’s moduli of one-cell, two-cell and seven-cell
models were calculated for various MFA (@), and compared with theoretical off-axis elastic modulus of
the lamina. The results are shown in Fig. 8. Every Young’s moduli of the presentcell models are higher
than that of lamina. And, the Young’s modulus increases with an increase in the number of cells. From
this simulation result, it is considered that less rotation angle of the fibre tend to show higher Young’s
modulus. In other words, the structure of multi-cell fibres is an advantage point to maintain the stiffness
of a natural fibre, even if relatively high MFA is contained. According to the experimental result, on the
other hand, the fibres rotated clockwise or anticlockwise. It should also be clarified why the fibre rotates
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model at @ =10° (Top view)

anticlockwise. This mechanism is estimated to be closely related with cell torsional structure [13].

It is reported that Young’s modulus of natural fibers tends to be a large statistical variation [14]. Such a
statistical property was explained in terms of variation in MFA [15]. Thus, we introduced a random CMF
orientation to each layer of the one-cell model, and investigated the statistical property using Monte-
Carlo method. The procedure is as follows: random numbers based on normal distribution were assigned
to MFAs, but each element in a layer of the FEM mesh has the same CMF angle; the angle was changed
every each layer using the random numbers. When the layers locate closely, each MFA was generated
with a correlation using Cholesky decomposition. Average MFA used here was 10°, and the standard
deviations used were 1.0 or 2.0°. Such simulation was repeated 100 times. The simulation results are
shown in Table 3. The values in the table are all average. It is shown that variations in the angle give
a low impact on Young’s modulus. For example, in the case of 2.00 standard deviation, the coefficient
of variation in simulated Young’s modulus is reduced to approximately one twenty-fifth of that in MFA,
i.e. 0.173 to 0.00659. Therefore, variation of Young’s modulus is considered to depend on any other
factors, such as the shapeof fibre and the cellulose content. However, this influence should be discussed
more deeply, including the case that the variation in MFA is also given in a same layer. On the other
hand, stress was affected by variation in rotation. Figure. 9 shows the variation in stress of each layer at
one-cell model. Such variation in stress is considered to affect rotation behavior, and cause variation in
strength. This study should be more discussed from such a point of view. Furthermore, helical structure
of the multi-cell in a fibre shuould also need to be considered [13].
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Table 3. Simulation results using random MFA.
MFA  Young’s modulus

Standard deviation in MFA

(*) (GPa)

10 10.02 28.69
' (0.0903) (0.00346)

20 10.06 28.66
' (0.173) (0.00659)

The values in parentheses are coefficients of variation.
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Figure 9. Stress level of each layer and variation in stress (Top and under bars are maximum and
minimum values, respectively).

5. Conclusion

In this study, we confirmed the presence of rotation for a kenaf fibre, one of the representative plant-
based natural fibres, during tensile loading. Fibre rotation angle was measured from motion images by
a digital microscope. Result showed that the angle was correlated with Young’s modulus and tensile
strength to some extent. In addition, a 3D finite element model was proposed for clarification of rotation
mechanism of multi-cell type natural fibres. Calculation results of the both single-cell and multi-cell
models, assumed as the Z-helical structure of cellulose microfibrils (CMF), showed clockwise rotation.
According to the experimental result, however, anticlockwise rotation was also confirmed. Thus, it was
implied that the fibre rotation is also concerned with cell torsional structure, which could turn the fibre
clockwise or anticlockwise. In addition, 3D-FEM simulation was performed by considering the variation
in microfibrillar angle. As a result, rotational behavior has little influence on Young’s modulus. On the
other hand, variations in stress was also confirmed from the simulation results.
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