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ABSTRACT: We demonstrated that low-cost and environ-
mentally friendly filaments of native cellulose can be prepared
by dry spinning an aqueous suspension of cellulose nanofibers
(CNF). The CNF were extracted from banana rachis, a
bioresidue from banana cultivation. The relationship between
spinning rate, CNF concentration, and the mechanical
properties of the filaments were investigated and the results
showed that the modulus of the filaments was increased from
7.8 to 12.6 GPa and the strength increased from 131 to 222 MPa when the lowest concentration and highest speed was used.
This improvement is believed to be due to an increased orientation of the CNF in the filament. A minimum concentration of 6.5
wt % was required for continuous filament spinning using the current setup. However, this relatively high concentration is
thought to limit the orientation of the CNF in the filament. The process used in this study has a good potential for upscaling
providing a continuous filament production with well-controlled speed, but further work is required to increase the orientation
and subsequently the mechanical properties.
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1. INTRODUCTION

Fibers play an important role for textile and industrial
applications in our society. One application for fibers is in
polymer composites, where they are combined with polymer
matrices to enhance the mechanical properties of the matrix. In
structural applications, the highest mechanical properties for
composite materials are achieved when fibers are continuous
and aligned in the direction of applied load. In recent years,
composites made from natural fibers based on cellulose have
received increasing attention because they have a low
environmental impact and good mechanical properties; for
example, soft wood fibers have an approximate modulus of 40
GPa and strength of 1000 MPa.1,2 The modulus and strength of
flax fibers is even higher at 60−80 GPa and 800−1500 MPa,
respectively.3 However, natural fibers are short and discontin-
uous and the conventional spinning techniques used to produce
continuous fibers from them results in yarns with mechanical
properties considerably lower than that of the single fiber. For
instance, Chabba and co-workers4,5 reported a Young’s
modulus between 4.8 and 8.5 GPa and a strength between
312 and 360 MPa for flax yarns. In addition, Goutianos et al.6

showed that highly twisted yarns led to a degradation of the
mechanical properties of the composites, whereas low twisted
yarns displayed low processability. Moreover, wide variation
and inhomogeneity in the individual fiber properties are
considered as another drawback of natural fibers.5

One solution in order to overcome the limitations of natural
fibers is to prepare continuous biobased fibers and because
cellulose is the most abundant biomaterial on the earth, it is an
interesting compound from which to prepare manmade fibers.

Fibers can be spun from thermoplastic cellulose-based
biopolymers such as cellulose acetate (CA) and cellulose
acetate butyrate (CAB). However, the low mechanical
properties of these polymers make them unsuitable for use in
structural composites. Nanoreinforcing of the matrices as well
as aligning the polymer chains and nanoreinforcements are two
possible ways to increase the modulus and strength of the
fibers. Hooshmand and co-workers7,8 prepared as-spun and
drawn melt spun CAB nanocomposite fibers reinforced with
cellulose nanocrystals (CNC). Although some improvements
were reported due to the nanoreinforcing and partial alignment
of the CNC, the final properties of the fibers were still far below
the desired values. Indeed a model, which was used to evaluate
the reinforcing effect of the CNC, indicated a great potential for
aligned CNC to improve the modulus of the fibers.8

Regenerated cellulosic fibers (RCF), made by dissolution and
precipitation of the cellulose, are another type of continuous
cellulosic man-made fiber. RCF are unique in the sense that
they have beneficial characteristics of both synthetic and natural
fibers, which means on the one hand, they have uniform
morphological, mechanical, and physical properties of synthetic
fibers, and on the other hand they have biodegradability, CO2
neutrality, and low density of natural fibers.9 However, their
mechanical properties are lower than that of native
cellulose.10,11 For instance, viscose has a modulus of the 11
GPa and strength of 590 MPa.2,12 As mentioned earlier,
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nanoreinforcing is one way to improve the mechanical
properties of the spun fibers. Chen et al.13 prepared regenerated
bacterial cellulose nanocomposite fibers reinforced with
multiwalled carbon nanotubes (BC/MWCNT) using N,N-
dimethylacetamide/lithium chloride (DMAc/LiCl) as the
solvent and ethanol as the coagulation bath. They reported
Young’s modulus of 29.2 and 38.9 GPa and a strength of ∼600
and ∼500 MPa for regenerated BC fiber and regenerated BC/
MWCNT fiber, respectively. Although high mechanical proper-
ties of the fibers produced were reported, scaling up of this
regenerated BC and use of MWCNT has drawbacks both
economically and environmentally.
Of interest is therefore the manufacture of aligned

continuous native cellulose fibers. Cellulose nanofibers, which
were first successfully isolated in 1983, contain both amorphous
and crystalline regions of cellulose.14,15 CNFs have a high
modulus and aspect ratio as well as a large surface area. In
addition, the hydroxyl groups on the CNF surface have a strong
tendency to bond to each other and form a network.16 Iwamoto
et al.10 and Walther et al.17 prepared cellulosic fibers by simply
wet spinning tempo-mediated oxidized cellulose nanofibers
through a syringe into organic liquids and reported a modulus
of ≈23 GPa and strength of ≈400 MPa. Moreover, Torres-
Rendon et al.18 reported a modulus of 33 GPa and strength of
290 MPa for tempo-mediated oxidized cellulose nanofibers
spun with the same technique and wet-stretched by ratio of 1.3.
Though high mechanical properties of the fibers have been
reported,10,17,18 tempo-mediated oxidation and the solvents
used for precipitation do not make the process so economical
and environmentally friendly. In another study, Hak̊ansson et
al.19 prepared cellulose filaments by hydrodynamic alignment of
carboxymethylated CNF with a flow-focusing channel system
to align the fibrils in the flow direction. They used NaCl in the
sheath stream and a collecting bath to reduce the electrostatic
repulsion of the charged CNF suspension. The fibers were then
placed for 24 h in a water bath to allow the electrolytes to
diffuse out and finally fixed in acetone and subsequently dried.
They reported a modulus of 18 GPa and strength of 445 MPa
for the baseline fiber. Although no tempo-oxidation was done,
again carboxymethylation and the use of electrolytes and
solvent provide some limitations to scaling up and commerci-
alizing the process. In a very recent study done by Jiang et al.20

conductive fibers were produced by wet spinning of only single-
walled carbon nanotube (SWCNT) polyelectrolytes and a
modulus of 14 GPa and a strength of 124 MPa were reported.
The goal of current study was to, as much as possible, reduce

the cost of processing and raw materials in the preparation of
aligned cellulosic filaments with high mechanical properties.
Thus, a bioresidue from banana rachis was used as the source
for the CNFs. This is an ideal source because annually ∼80 MT
of bananas are produced in the world, making them the second
largest produced fruit with a 16% contribution to the total fruit
production.21,22 This huge amount of production generates a
great quantity organic waste. Using this bioresidue will increase
the value of the primary product and reduce waste. To the best
of our knowledge, this is the first study to show that continuous
cellulose fibers can be prepared by dry spinning native cellulose
nanofibers without using any chemicals/solvents during the
spinning processing. The effect of spinning rates as well as the
effect of CNF concentration on the CNF alignment and
mechanical properties of the filaments were investigated.

2. EXPERIMENTAL SECTION
2.1. Preparation of Cellulose Nanofibers and Its Dry

Spinning. CNFs were isolated from bleached banana rachis pulp,
kindly supplied by Pontifical Bolivarian University (UPB), Colombia.
The isolation procedure was done using ultrafine grinding with a
MKZA10 Super Masscolloider (Masuko Sangyo Co., Saitama, Japan).
First, a suspension of 2 wt % was passed through the grinder until a
thick gel was formed. The gel was then concentrated to the desired
concentrations (8, 10, and 12 wt %) using several steps of
centrifugation. Figure 1a shows the concentrated CNF gel with a 10
wt % concentration.

All three CNF concentrations (8, 10, and 12 wt %) were dry spun at
25 °C by using a capillary rheometer (Rheo-tester 1000, Göttfert,
Buchen, Germany) with 12 mm barrel diameter and 22 cm cylinder
length to prepare continuous filaments (Figure 1b). The machine was
equipped with a 1 mm single die hole with length of 20 mm and angle
of 0°. The CNF was fed manually from top of the rheometer into the
capillary and the spinning was carried out using three piston rates (0.5,
1.0, and 1.5 mm/s) and consequently the spinning rates were
calculated based on the barrel diameter and die diameter (72, 144, and
216 mm/s). The CNF spun filaments were then collected manually on
glass sheets and dried for 10−15 min at room temperature. To avoid
shrinkage, we mounted the semidried filaments on the glass sheets
using paper tape and kept at room temperature overnight (Figure 1c).
Then the dried filaments were placed in the oven at 105 °C for at least
for 2 h to remove any remaining moisture. The rheometer used in this
study is very similar to piston machines, which are used in the melt
spinning of fibers,23 providing great potential for the process to be
scaled up.

To compare the orientation and mechanical properties of the
produced filaments with a randomly orientated reference, we prepared
a nanofiber network from the same batch of CNF by vacuum filtrating
of 100 g of a 1 wt % suspension. The formed cake was then removed
from the filter paper and blotted on two dried filter papers. This was
repeated three times to remove the excess water. The CNF cake was
then placed between two dried filter papers and placed between two
woven metal cloths and between two absorbent fabrics. This stack was
sandwiched between two metal sheets and dried at 55 °C for 48 h
under a load of 450 N. All prepared samples were coded and
summarized in Table 1.

2.2. Characterization. Atomic Force Microscopy (AFM). To study
the morphology of the isolated banana CNF and measure the fibers
diameter, a Veeco multimode scanning probe AFM with nanoscope V
software (Santa Barbara, CA, USA) was used. The scanning was
operated in taping mode and the height image was collected. For the
sample preparation, a drop of diluted aqueous CNF suspension was
cast on a cleaved mica substrate and dried at room temperature.

X-ray Diffraction (XRD). To determine the crystallinity index of the
CNF, we performed XRD using a PANalytical Empyrean (Almelo,
The Netherlands) with CuKα radiation with 2θ scan range of 10−40°.
The nanopaper made by vacuum filtration was used for this test and
the crystallinity index, CIr, was calculated based on the Segal empirical
method24
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Figure 1. (a) Concentrated CNF (10 wt %), (b) continuous spinning
of CNF using the capillary rheometer. and (c) fiber drying process.
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where I200 is the peak intensity corresponding to cellulose I, and Iam is
the peak intensity of the amorphous fraction at 2θ = 18°.
Scanning Electron Microscopy (SEM). The fracture cross-section of

the filaments broken in the tensile test were studied using a JEOL
JSM-6460LV SEM with acceleration voltage of 10 kV. The samples
were sputter-coated with gold prior to analysis to avoid charging. In
addition, the same instrument was used for filament density
measurement based on the weight, length and the average cross
section area of several SEM images of different fiber sections using
Photoshop CS5.
Extreme High Resolution Scanning Electron Microscopy (XHR-

SEM). To study the surface of the spun filaments and possible
orientation of the CNFs on the surface of the filaments, a Magellan
400 XHR-SEM (FEI Company, Eindhoven, The Netherlands) was
used. The samples were coated with a 3 nm thick layer of platinum
before the observation.
Two-Dimensional Wide-Angle X-ray Diffraction (2D-WAXRD). To

study the orientation of the CNFs along the filament axis, we
performed 2D-WAXRD patterns on spun filaments and the nanopaper
using a PANalytical Empyrean multipurpose diffractometer (Almelo,
The Netherlands) using Cu-radiation with a wavelength of 0.1540598
nm. The system was equipped with a 2D focusing mirror of
Kirkpatrick-Baez type for Cu-radiation focusing on the detector
position and a PIXcel3D 2 × 2 detector, imaging a 2θ-range of ±30°2θ
with a static exposure. This detector has a pixel size of 55 μm and a
detection efficiency of >95% for Cu-radiation. The measurements were
performed on single filaments with a measurement time of 15 min per
filament. Subsequent data treatment and azimuthal integrations along
the diffraction rings were performed using the software packages
XRD2DScan and Fit2D.
The orientation index ( fc) was calculated based on azimuthal

intensity distribution graphs for the lattice plane of 200 (the most
intense peak) according to the following equation25

β
=

° −
°

f
(180 )

180c
c

(2)

where the βc is the full width at half-maximum of the azimuthal peak.
Tensile Testing. To study the mechanical properties of the

filaments, a universal testing machine, Shimadzu Autograph AG-X
(Kyoto, Japan) equipped with a 100 N load cell was used. The test was
conducted at room temperature at a constant speed of 2 mm/min and
a gauge length of 20 mm. To avoid fiber slippage, the samples were
mounted on paper frames before being tested. Five replicates for each
sample were tested and all samples were placed in a desiccator at 23
°C and 46% RH at least for 48 h prior to testing. The cross-section of
the filaments was assumed to be circular and the diameter of the
fracture point for each test sample was measured by a micrometer. The
average values and standard deviations of the Young’s modulus, tensile
strength and strain are reported. Moreover, statistical analysis at a 5%
significance level was used to test for significant difference based on
the ANOVA and Tukey-HSD multiple comparison tests. In this
comparison, the values for each concentration were compared with
one another in the same concentration.

3. RESULTS AND DISCUSSION
3.1. Characteristics of Cellulose Nanofibers. Figure 2a

shows the structure and size of the ground CNF using AFM.

On the basis of the AFM study, the diameters of the finest
fibers varied between 8 to 35 nm. To avoid a broadening effect,
the CNF diameters were measured from height images. In
addition to the isolated fibers in Figure 2a, bundles of
nanofibers can be seen, which can possibly be formed during
drying in sample preparation.
The XRD diffractogram of the used CNF is shown in Figure

2b. It confirms the crystallinity pattern of the native
cellulose.24,26 There are two main peaks at 14.9 and 22.1
(corresponding to lattice planes 11̅0 and 200, respectively) and
two short and broad shoulders around 16.1 and 34.4 (lattice
plane 110 and 004, respectively), assigned to the diffraction of
cellulose I. The crystallinity index of the CNF was calculated to
63%, based on the Segal’s method, which gives a relative
measure of the crystallinity.

3.2. Dry Spinning of Cellulose Filaments. Filaments
were successfully prepared by dry spinning a concentrated
aqueous suspension of CNF. The spinning process renders
some challenges because of the air gap between collecting glass
sheets and the die (20−30 cm) and also due to the low wet
strength of the suspension used. In this study, a certain
minimum concentration of cellulose nanofibers was required to
be able to spin filaments. Concentrations from 12 down to 5 wt
% were tested. In addition the manual collecting systems
imposed some limitations on increasing the spinning rate.

3.3. Structure and Morphology of the Spun Fila-
ments. The diameter of the filaments varied between 180 and
240 μm. Figure 3a shows a schematic view of the die during
spinning and Figure 3b shows the visual appearance and
flexibility of the filaments after drying.
Figure 4 shows the cross-sections of spun filaments with 8

and 12% CNF suspension in both 72 and 216 mm/s spinning
rates. The insert figures show the surfaces of these filaments. It
can be seen that the filaments are approximately circular with
the exception of some flattening on one side and that there is
some porosity in the filaments. The porosity is believed to be
caused by air trapped in the suspension during the feeding
process. However, less porosity was observed in filaments with
low concentrations and high spinning speed. In addition in
filaments from low concentrations a flange was formed. This is
due to the contact of the wet filaments with the glass sheets.
However, it is assumed that this thin structure does not affect
the mechanical behavior.

Table 1. Sample Codes, Wet State Concentration, and
Spinning Rate of the Prepared Materials

sample code CNF concentration (wt %) spinning rate (mm/s)

CNF-nanopaper 1
CNF8-72 8 72
CNF8-144 8 144
CNF8-216 8 216
CNF10-72 10 72
CNF10-144 10 144
CNF10-216 10 216
CNF12-72 12 72
CNF12-144 12 144
CNF12-216 12 216

Figure 2. (a) AFM image, and (b) XRD diffractograms of the used
CNF.
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Figure 5 shows a high-resolution image of the surface
structure of the spun filaments from the 8% concentration

suspension. It can be seen that the filament surfaces are rough
and also there is evidence of partial alignment of CNF in the
direction of the filament axis on the surface at both spinning
rates (72 and 216 mm/s).
3.4. Orientation and Mechanical Properties of

Filaments. The orientation index ( fc) and mechanical
properties of all filaments were summarized in Table 2. It can
be seen that there is a slight increase in the orientation as the
spinning rate increases at all concentrations. A similar trend was
reported by Iwamoto et al.10 In addition, it is seen that the
mechanical properties of the spun filaments are better

compared to the properties of the CNF nanopaper. The
properties are also slightly increased with increased spinning
rate for most of the filaments being highest for the low
concentrations of CNFs.
For example, for the CNF8 filaments, the strength increased

from 147 to 198 MPa and the modulus from 8.3 to 11.2 GPa
when the spinning rate was increased from 72 to 216 mm/s. In
the case of CNF10, the increased spinning rate resulted in a
significant improvement only between the lowest and highest
rate. The filaments of CNF12 did not follow this trend.
Increasing the spinning rate to 216 mm/s in this case decreased
the strength and modulus. It is possible that it is because of
porosity or inhomogeneity of the material; however, the low
standard deviation does not support this. Summarizing the
orientation study and mechanical properties, it is believed that
increasing the spinning rate will provide a higher shear force
and subsequently increase the alignment of the CNF in the
filament axis direction. In general, the effect of CNF alignment
on the mechanical properties is only seen in the filaments spun
from low concentration suspension, thus resulting in a more
organized and compact structure.
Therefore, the hypothesis that low concentration and high

spinning rate would further improve the mechanical properties
was tested. First, the suspension concentration was decreased
to the lowest spinnable concentration (6.5 wt %) and then a
maximum spinning rate was used (288 mm/s), this spinning
rate being limited by the manual collection process. In addition,
the spun filaments were dried under a weak tension. This new
filament was coded as CNF6.5-288. Figure 6 shows the
micrograph of its cross-section and surface. It can be seen that
flattening still occurs, but no porosity was seen and the surface
showed an orientated structure in the filament axis direction.
Figure 7 shows the XRD results and representative stress−

strain curves where CNF-nanopaper, the earlier filament with
the best properties (CNF8-216) and this new filament
(CNF6.5-288) are compared. It can be seen that the
diffractogram of the nanopaper shows a ring pattern, indicating
random orientation, while the diagrams for both filaments
indicate equatorial arcs corresponding to (11 ̅0) and (200)
confirming the partially orientation of the CNF. Probably the
corresponding arc to (110) is merged with (11 ̅0) on the
diffractograms because of their very close scattering angles. The
orientation index of the new filament was calculated to be 0.67.
It is clearly seen in representative stress−strain curves that the
spun filaments have better mechanical properties when
compared to randomly orientated CNF-nanopaper. It is also
seen that CNF6.5-288 has better mechanical properties than
CNF8-216.
Figure 8 shows a 3D plot of the modulus and the strength

based on the spinning rate and CNF concentration for the all
spun filaments. It is seen that the modulus and strength of the
latest filament (CNF6.5-288) has increased compared to the
others, being 12.6 ± 1.5 GPa and 222 ± 16 MPa for modulus
and strength, respectively, and its diameter decreased to 154 ±
5 μm. The modulus of CNF6.5−288 improved by 157% and
the strength by 78% compared to the nanopaper. Although the
mechanical properties have improved here, we believe that this
partial alignment mostly happens on the filaments surface
because higher mechanical properties are expected if the
nanofibers are aligned throughout the filament as Sehaqui et
al.27 reported improvements of 220% for modulus and 114%
for strength of the drawn cellulose nanopaper with the draw
ratio of 1.6. Moreover, in another study done by Gindl-

Figure 3. (a) Schematic of the die and (b) visual appearance and
flexibility of the filaments.

Figure 4. SEM microstructure of the filaments with 8 and 12%
concentrations spun at 72 and 216 mm/s.

Figure 5. Surface structure of the CNF8 filaments spun with different
rates of (a) 72 and (b) 216 mm/s.
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Altmutter,28 improvements of ∼370% and ∼85% for modulus
and strength have been reported respectively for cellulose
nanopaper stretched by ratio of 1.3.
The results presented in this study are better than values

reported by Torres-Rendon et al.18 for undrawn TEMPO-
oxidated CNF fibers (modulus of 8.2 ± 2.4 GPa and strength of
118 ± 12) spun with two times higher spinning rate. Though
the results are slightly lower than values reported by Iwamoto
et al.10 for wood and tunicate TEMPO-oxidated CNF filaments,
spun at a similar spinning rate (modulus of 19.1 ± 2.6 GPa and
strength of 332 ± 93 MP for wood and modulus of 16.7 ± 2.1
GPa and strength of 282 ± 67 MPa for tunicate). However, the
filaments produced here are more uniform in cross-section and
can be prepared more economically and in a way that is more
environmentally friendly because no chemical treatments have
been used.
The theoretical modulus of the filaments can be estimated

based on a rule of mixture-based micromechanical model
usually implemented for short-fiber composites.29 In a

composite, the modulus, E, in the loading direction can be
predicted based on the properties of the reinforcing elements
and the matrix as

η η= + −E E E(1 )of f f f m (3)

where

η β
β

= − l
l

1
tanh( /2)

/2f (4)

and

β =
r

G
E R r

1 2
ln( / )f

m

f f (5)

where Ef is the elastic modulus of the CNF, Vf is the CNF
volume fraction and was determined from the measured density
of the CNF6.5-288 filament (1.37 g/cm3) and density of
cellulose Iβ (1.64 g/cm3).30 ηf is the CNF length efficiency
given by eq 4 and ηo is an orientation factor which is assumed
to be 1 to show the potential of the fully aligned CNF on the
modulus of the filament. The (1 − Vf)Em term is zero and the
shear modulus, Gm, is the bond shear modulus between the
CNF since in this case there is no matrix. Gm was taken from
back-calculations that have been done in earlier work based on
CNF networks.31 l is the length of the CNF and was assumed
as 1 μm, rf is the fiber radius and set to the average value
obtained from AFM image measurement, R/rf is the ratio of the
interfiber distance to the CNF radius, which can be calculated
from (KR/Vf)

1/2, where KR is a packing number, which for
parallel hexagonal packing is 0.907,32 and is the number used

Table 2. Orientation Index, Fiber Diameter, Modulus, Strength and Strain at Break of All Produced Samplesa

sample orientation index ( fc) diameter (μm) modulus (GPa) strength (MPa) strain (%)

CNF-nanopaper 4.9 ± 0.8 125 ± 7 4.9 ± 0.9
CNF8-72 0.62 207 ± 6 8.3a ± 0.8 147a ± 15 3.6a ± 0.3
CNF8-144 0.65 217 ± 9 7.7a ± 0.6 138a ± 12 3.4a ± 0.5
CNF8-216 0.65 180 ± 7 11.2b ± 0.9 198b ± 11 3.6a ± 0.6
CNF10-72 0.62 242 ± 13 7.3A ± 0.5 119A ± 7 2.6A ± 0.7
CNF10-144 0.65 232 ± 7 7.9A, C ± 0.5 139B ± 8 3.1A ± 0.3
CNF10-216 0.68 238 ± 12 8.4B, C ± 0.8 145B ± 17 3.1A ± 0.7
CNF12-72 0.66 222 ± 10 7.8α ± 0.7 131α ± 15 2.8α ± 0.6
CNF12-144 0.68 205 ± 9 9.1β ± 0.7 152β ± 15 2.7α ± 0.2
CNF12-216 0.66 226 ± 8 7.7α ± 0.5 148α, β ± 7 4.3β ± 1.3

aAverage values with same superscript letter in the same column are not significantly different at 5% significant level based on ANOVA and Tukey-
HSD comparison test. In this comparison, the values for each concentration were compared with one another in the same concentration but spun
with different rates.

Figure 6. Microscopy image of the CNF6.5-288 filament (a) cross-
section, (b) overview of the surface, and (c) detailed view showing
surface orientation.

Figure 7. X-ray diffractograms and representative stress−strain curves of the prepared CNF-nanopaper, CNF8-216, and CNF6.5-288.
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here for this highly packed filament. The parameter values used
in this model as well as the theoretical stiffness of the filament
are summarized in Table 3.

From eq 1, the theoretical modulus is 101 GPa assuming all
the CNF are orientated. With the CNF6.5-288 filament giving a
stiffness of 12.6 GPa, this indicates that the orientation must be
very low or just on the surface of the filaments. It is also
possible that the CNFs used here have a lower modulus that
the estimated 135 GPa.

4. CONCLUSIONS
Dry spinning of cellulose nanofibers (CNF) based on banana
waste were successfully made using piston-driven extrusion
(capillary rheometer). The effect of CNF concentration in the
suspensions as well as the spinning rate was evaluated. The
results are very promising. The filaments showed good
mechanical properties, which were increased with increased
spinning rate and decreased CNF concentration. X-ray
confirmed that the orientation index of CNF in the filaments
was increased with increased spinning rate. Fracture surface
study of the filaments showed that the filaments spun with low
CNF concentration had a denser structure.
Although the mechanical properties did not reach the level of

natural fibers such as soft wood fibers (40 GPa), even at this
initial stage, the properties are similar to regenerated cellulose
filaments (viscose 11 GPa) and the fact that these filaments are
based on native cellulose and produced from biomass waste
using a simple spinning process without any additional

chemicals, mean they have considerably potential for further
development. The filaments produced here are relatively
uniform in cross-section and can be prepared economically
and in an environmental friendly way with no chemical
treatments.
Thus, we believe that by using suitable nanofiber

concentrations together with an improved processing proce-
dure, even higher mechanical properties can be achieved.
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