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a b s t r a c t

Bacterial cellulose (BC) nanofibrils are considered as promising biodegradable fiber-reinforcement for
polymeric composites because of their excellent tensile properties. However, commonly obtained
randomly-oriented web-like form of BC nanofibrils impedes achieving their full potential as reinforce-
ment. In the present study, a facile and scalable method has been developed to orient the nanofibrils
through a controlled stretching of BC hydrogel. An optimum hydrogel-stretching at the cross-head speed
of 0.05 mm/min and strain ratio of 1.2 showed substantial improvements in the orientation and me-
chanical properties of BC. Degree of orientation, apparent Young's modulus and fracture stress of the
dried BC were increased by 117, 103 and 85%, respectively. Consequently, a BC-reinforced soy protein
isolate based fully ‘green’ composites (BC-SPI composites) were prepared by using vacuum-assisted SPI
resin impregnation into BC hydrogel and then stretching the resin impregnated BC hydrogel. The
stretched BC-SPI green composites, after drying and curing, showed significant improvement in their
tensile properties due to higher BC nanofibrillar orientation. This study opens up new possibilities for
direct fabrication of lightweight and mechanically robust ‘green’ composites that can replace traditional
non-degradable composites and reduce carbon footprint significantly.

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

Bacterial cellulose (BC) nanofibrils have attracted much atten-
tion as composite reinforcement for a variety of applications
because of their unique characteristics, such as excellent mechan-
ical properties, low density, low thermal expansion, high optical
transparency, and biodegradability [1e3]. BC is an extracellular
cellulose produced by Gram-negative aerobic bacterium ‘Aceto-
bacter xylinum’ at the air-liquid interface of the culture medium
containing carbon and nitrogen sources [4]. Under static cultivation
conditions, BC is formed as a multilayer hydrogel scaffold with
randomly-oriented ribbon-shaped nanofibrils stacked in a reticu-
lated fashion [5]. One of the advantages of BC over typical cellulose
reinforcements from plant sources is that it is extremely pure and
does not contain any hemicellulose, lignin, pectin or waxy mate-
rials [5]. Furthermore, it has higher crystallinity, degree of poly-
merization, specific surface area, aspect ratio, and hence, higher
tensile properties compared to typical cellulose materials [6,7]. As a
.

result, BC can be successfully exploited in the fabrication of light-
weight and strong ‘green’ composites that can replace petroleum-
derived non-degradable composites.

Mechanical properties of BC are known to be affected by several
intrinsic and extrinsic factors, such as crystallinity, degree of
polymerization, aspect ratio and orientation of the nanofibrils [8].
While some factors can be manipulated by adjusting carbon and
nitrogen sources in the culture medium to improve the tensile
properties, nanofibrillar orientation cannot be easily obtained as
the bacteria move freely in all directions resulting in randomly-
oriented nanofibrils in the pellicle. It is commonly known that
polymeric composites with uniaxially oriented fibers have better
mechanical properties in comparison to those that lack fiber
orientation [9,10]. On the same basis, substantial improvement in
mechanical performance of BC-reinforced composites should be
possible if increased BC nanofibril orientation can be obtained.
Although there have been some attempts to produce oriented BC
[11e14], no study has been conducted on the implications of ori-
ented BC in composite materials to the best of our knowledge. The
reported approaches for orientation could be time consuming and
technically complex when the oriented BC are considered for
fabricating composite materials on commercial scale [11e13]. It is,
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therefore, important to develop a facile, inexpensive, green and
scalable process to fabricate oriented BC and oriented BC-
reinforced composites.

Plant proteins, by-products after oil extraction frommany seeds
and grains, have been utilized as bio-based resins for ‘green’ com-
posites [15e20]. Among them, soy protein is one of themost widely
available and comes with several other benefits such as low cost,
biodegradability, bio-compatibility, environmental-friendliness
and annual renewability [21,22]. Bio-based resins used to fabricate
BC-reinforced ‘green’ composites shouldmeet other critical criteria,
such as hydrophilicity, appropriate viscosity, good adhesion to fi-
bers and wettability that soy protein can satisfy [23e26]. The vis-
cosity of hydrophilic soy protein resin can be easily adjusted by
altering solution concentration through controlling the amount of
water. In addition, it has high affinity to hydroxyl groups on cel-
lulose due to the presence of various polar amino acids [16,23,24].

The present study discusses a simple way to orient BC nano-
fibrils and fabricate BC-reinforced soy protein isolate (BC-SPI)
composites using an inexpensive, green, and scalable process. The
first part of this paper discusses BC hydrogel stretching at optimum
cross-head speed and strain ratio to obtain the nanofibrillar
orientation. Stretched BC was characterized to determine the effect
of the stretching process on its morphology, orientation and tensile
properties. The second part of the paper discusses similar stretch-
ing process used to orient BC-SPI composites prepared via vacuum-
assisted resin impregnation and the effects of stretching on the
tensile properties of the composites. The morphology, orientation,
and tensile properties of the BC and BC-SPI composites were
evaluated by wide-angle X-ray diffraction (WAXD), field-emission
scanning electron microscopy (FESEM), and uniaxial tensile
testing, respectively.

2. Experimental details

2.1. Materials

Acetobacter xylinum strain, ATCC 23769 was obtained from
American Type Culture Collection (ATCC, Manassas, VA). D-
mannitol, yeast extract and tryptone were purchased from Fisher
Scientific (Pittsburgh, PA). SPI was provided by Archer Daniels
Midland Co. (Decatur, IL). Analytical grade sodium hydroxide
(NaOH) pellets and ammonium nitrates (NH4NO3, �98% purity)
were purchased from Sigma-Aldrich Chemical Co. (Allentown, PA).

2.2. Preparation of BC hydrogel

BC hydrogel in pellicle form (BC-HP) was prepared according to
a previously described method with some minor modifications
[27]. Acetobacter xylinum strain was maintained on agar plates
containing 2.5% (w/v) D-mannitol, 0.5% (w/v) yeast extract, 0.5% (w/
v) tryptone, and 2.0% (w/v) agar. The strain from the agar plate was
transferred into a sterilized culture medium containing the same
amount of D-mannitol, yeast extract and tryptone to produce seed
culture. This seed culture (~15 mL) was inoculated into a 150 mL
culture medium for the production of BC-HP, and the cultivation
was carried out at pH of 5.0 ± 0.2 and at 29 �C for 10 days in an
incubator. BC-HP produced at the air/culture medium interface was
taken out, washed with 1 N NaOH solution at 90 �C for 15 min
followed by de-ionized (DI) water at room temperature (RT) to
eliminate the cells and chemicals of the culturemedium, and stored
in DI water at 4 �C for further experiments.

2.3. Stretching of BC hydrogel strips

Rectangular BC hydrogel strips (BC-HS) with dimensions of
15 mm � 60 mmwere cut from the BC-HP. Stretching of BC-HS was
carried out using Instron universal tensile testingmachine (Instron,
Model 5566, Canton, MA) in a conditioning room maintained at
American Society for Testing and Materials (ASTM) conditions of
65 ± 2% RH and 21 ± 1 �C. BC-HS were stretched with a gauge
length of 30 mm at a controlled cross-head speed of 0.05 mm/min
until the strain reached 20% or corresponding strain ratio of 1.2. The
stretching was stopped at that time, and the stretched BC-HS were
kept in between two polyvinylidene fluoride (PVDF) filter papers
(Durapore® membrane filters, Filter type: 0.45 mm, Merck Millipore
Ltd., Ireland) and cardboards for drying at 50 �C for about 8 h. These
dried and stretched BC-HS are referred to as ‘Stretched BC’ in this
study. Un-stretched BC-HS were dried using same process and will
be referred to as ‘Control BC’.

2.4. Preparation of BC-SPI composites

BC-SPI composites were prepared in water. At first, SPI powder
was homogenized in DI water at a ratio of 1:16 (w/v) by a magnetic
stirrer for 15 min at RT and further stirred for 20 min at 80 �C by
adjusting pH to 10.5 ± 0.2 using a 1 N NaOH solution. Then, BC-HS
specimens (Dimensions: 15 mm � 60 mm) cut from the BC-HP
were impregnated with SPI resin solution under a vacuum
of �0.1 MPa at RT for 30 min in a vacuum oven. SPI-impregnated
BC-HS specimens were withdrawn from vacuum oven, and the
excess resin from the surface was removed using filter papers.
Finally, they were dried at 50 �C for about 8 h and cured by a hy-
draulic hot-press (Carver Inc., Wabash, IN) at 120 �C for 3min under
a pressure of 8.5 MPa. Dried and cured SPI-impregnated BC-HS
specimens will be referred to as ‘Control BC-SPI’ composites in this
study.

2.5. Stretching of SPI-impregnated BC-HS

The stretching process used for BC-HS was performed on the
stretching of SPI-impregnated BC-HS. After stretching, the speci-
mens were dried and cured using similar process mentioned in the
previous section for the preparation of control BC-SPI composite.
These specimens will be referred to as ‘Stretched BC-SPI’
composites.

2.6. Characterization

WAXD patterns of control and stretched BC specimens were
recorded using Bruker AXS Hi-star general area detector diffrac-
tometer (Madison, WI) equipped with CuKa1 radiation
(l ¼ 0.154 nm) operated at 40 kV and 20 mA. Azimuthal intensity
distribution pattern for (200) equatorial reflection was used to
calculate degree of orientation (DO) according to the equation:

DO ¼ 180�� FWHM
180� ; where, FWHM represents full width at half-

maximum of the azimuthal profiles from the equatorial reflection
[10].

Tensile properties of all specimens were determined using the
same Instron, equipped with a 100 N load cell. All specimens had
dimensions of 5mm� 50mm (Width� Length). The thicknesses of
the specimens was measured by a digimatic micrometer (Model:
MDC-1 PJ, Mitutoyo, Japan) and were found to be in the range of
0.3e0.4 mm. Sheets having 10 mm � 10 mm dimensions were
weighed to calculate the density. Each specimen was glued be-
tween two rectangular paper tabs keeping the gauge length of
20 mm and subsequently tested using a cross-head speed of
0.4mm/min. The apparent Young's modulus values were calculated
in the range of 0.1e1.0% strain from the stress-strain plots. All
specimens were conditioned at a temperature of 21 ± 1 �C and a



Fig. 1. Typical stretching behavior of BC-HS at a cross-head speed of 0.05 mm/min.
Inset photograph shows the BC-HS specimen being stretched on Instron.
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relative humidity (RH) of 65 ± 1% for 24 h using a saturated NH4NO3
solution before the tensile test. A minimum of six specimens were
tested to obtain average values and standard deviations. Statistical
analyses were performed using JMP statistical software (SAS
Institute, Cary, NC).

The weight fraction of BC in control and stretched BC-SPI
composites was calculated by SPI resin dissolution. The speci-
mens (20 mm � 20 mm) were weighed and submerged into a bath
of alkaline solution (pH~10.5) for about 24 h maintained at 80 �C.
After 24 h when the SPI resin was disintegrated completely, BC was
taken out and washed several times using DI water. The BC was
then dried at 50 �C for 6 h and weighed to calculate the weight
fraction in the composite.

Fracture surfaces after tensile test and through-plane surfaces of
all specimens were analyzed using a Tescan Mira3 FESEM (Tescan
USA, Inc., Warrendale, PA) at an accelerating voltage of 3 kV. The
surfaces were coated with a thin layer of gold to prevent charging
using a Denton Desk V sputter coater (Denton Vacuum, Moores-
town, NJ) before observation.

3. Results and discussion

BC-HP is a highly porous membrane composed of three-
dimensional cellulosic fibrous network with a substantial amount
of interstitial water [28]. BC-HP, in this study, contained around 98%
water and 2% BC nanofibrils that were oriented randomly without
any restriction in their native state. In this state, while the
maximum inelastic deformation upon tensile stretching can be
expected due to the inherent lubrication effect of the interstitial
water, nanofibril entanglements restrict the deformation. Water
has been considered as one of the most efficient lubricants for wet-
spinning of various hydrophilic polymers [10]. With abundance of
water as lubricant in BC-HP, it can be expected that the nanofibrils
could move easily and orient themselves in the direction of the
stress during the stretching process. In this process, initially, the
inter-nanofibril distance reduces as the pore volume decreases
upon stretching while the reduction in inter-nanofibril distance
increases the inter-nanofibrillar hydrogen bonding. Further
stretching can generate twisting and firmer interlocking among the
already entangled nanofibrils restricting the nanofibrillar rear-
rangement in the BC network. However, loosely entangled nano-
fibrils try to get straightened in the stress direction until fully
constrained, with increased stretch. Stretching beyond this point
initiates nanofibril fracture degrading the tensile properties of the
BC network. In all phases of stretching, as nanofibrils come closer
the interstitial water from the BC network gets squeezed out,
resulting in an irreversible formation of hydrogen bonds between
BC nanofibrils [13]. Therefore, lateral shrinkage of the specimen
with maximum orientation in the stretching direction can be
expected.

It is critical to determine the maximum stretching possible
while avoiding any damage to the fibrous network so as to be able
to utilize the full potential of the oriented nanofibrils. To achieve
that, two limiting factors, namely, cross-head speed and strain ratio
need to be optimized to achieve highest possible orientation of
nanofibrils. Hence the word ‘optimized’ in this study only refers to
the best combination of strain rate and strain ratio. Higher cross-
head speed and/or strain ratio can inevitably lead to premature
nanofibril fracture. Therefore, some preliminary experiments were
performed to determine optimum strain ratio and cross-head
speed that allowed largest inelastic deformation of BC-HS and
obtain best possible orientation of the BC nanofibrils. Fig. 1 shows
the typical stress-strain plot of BC-HS being stretched at a cross-
head speed of 0.05 mm/min and the inset photograph shows a
BC-HS specimen being stretched on an Instron. As shown in Fig. 1,
the optimum stretching of BC-HS was observed at a strain ratio of
1.2. Optimum stretching in this case is defined as the maximum
stretch (strain) that can be reached without the initiation of frac-
ture in the BC nanofibrillar network. Stretching to higher strain
ratios (strain ratio >1.2), however, showed fracture of the hydrogel
nearly in all cases, as shown in Fig. 1, for strain ratio of 1.3. The
achievable strain ratio in BC-HS was found to be limited due to the
high density of entanglements between nanofibrils which impede
each other to be perfectly aligned upon stretching. However, lower
cross-head speed was found to be better for controlled stretching
up to the maximum possible strain ratio. The cross-head speed was
set to 0.05 mm/min based on the preliminary experiments. Lower
cross-head speed provides sufficient time for maximum rear-
rangement and reduces the stress on nanofibrils [10]. However,
extremely low cross-head speed of less than 0.05 mm/min had a
drying effect due to the large timescale needed for stretching.
Hence, the strain ratio of 1.2 and cross-head speed of 0.05 mm/min
were considered as providing maximum possible nanofibrillar
alignment for BC-HS in this study.

The effect of stretching on the orientation of BC nanofibrils was
evaluated using WAXD analysis. WAXD images were collected in
both perpendicular and parallel directions to the control and
stretched BC plane to analyze any change in the nanofibrillar
orientation resulting from stretching. The BC plane perpendicular
to the X-ray beam is referred to as through-plane (TP) direction
while BC plane was aligned parallel to the X-ray beam in the cross-
section (CS) direction. Fig. 2 shows WAXD images of the crystallo-
graphic lattice planes in the TP and CS directions of control and
stretched BC. As can be seen in Fig. 2, a significant change in the ring
patternwas observed at the (200) equatorial reflection of BC due to
nanofibrillar rearrangement after stretching. Control BC shows a
ring pattern along the TP direction indicating random orientation of
the BC nanofibrils (Fig. 2a). In comparison, equatorial arc pattern
formed along the TP direction of stretched BC is confined to sharp
spots as seen in Fig. 2b, suggesting a preferred orientation along the
stretching direction. In the CS direction, the formation of diffraction
spots is more prominent compared to TP direction (Fig. 2c-d) and
hence, the effect of stretching on the orientation of the nanofibrils
is more pronounced.

DO was quantified from the azimuthal intensity profiles from
WAXD of control and stretched BC. Fig. 3 shows the azimuthal in-
tensity profiles at the (200) equatorial reflection for TP and CS di-
rections of the control and stretched BC and Fig. 4 shows the degree
of orientation for TP and CS views, respectively. DO ranges between



Fig. 2. WAXD images: through-plane view of (a) control, (b) stretched BC and cross-section view of (c) control, (d) stretched BC.

M.M. Rahman, A.N. Netravali / Composites Science and Technology 136 (2016) 85e9388
0 and 1 where DO of 1 corresponds to perfect orientation parallel to
stretching direction and DO of 0 refers to perfectly random orien-
tation. As can be seen in Fig. 4, the degree of orientation of
stretched BC is significantly higher compared to control BC in both
TP and CS directions. For control BC the degree of orientation was
0.29 and 0.38 in TP and CS directions, respectively, whereas the
values of stretched BC in the two directions were 0.63 and 0.71,
respectively. The narrower and more defined intensity maxima in
comparison to the control BC (Fig. 3) indicated the preferred
orientation of nanofibrils along the stretching direction.

The surfaces of control and stretched BC specimens were
observed by FESEM to characterize the effect of stretching on sur-
face morphology and orientation. Fig. 5 shows the FESEM images of
the surfaces of control and stretched BC. As can be seen in Fig. 5a,
the surface of control BC showed a comparatively high degree of
roughness while stretched BC had a smoother surface (Fig. 5b). The
quantitative values of the surface roughness were measured using
an optical interferometer (ADE Phase Shift MicroXAM Optical
interferometric profiler). The roughness values were found to be
3.8 ± 0.4 mm and 1.9 ± 0.3 mm for control BC and stretched BC,
respectively. The formation of smoother surface is attributed to the
evening out due to stretching. The higher magnification image of
control BC (Fig. 5c) clearly showed the random orientation of the
nanofibrils whereas after stretching, a significant number of
nanofibrils were observed to be better oriented in the direction of
stretching (Fig. 5d) supporting theWAXD observations. Many of the
nanofibrils were partially orientated and were inclined at some
angles with the stretching direction and only a small fraction of the
nanofibrils were almost perpendicular to the stretching direction.
This is clearly due to large number of entanglements among the
nanofibrils which limit the strain ratio as discussed earlier.
Qualitative observation of FESEM images showed a significant dif-
ference in porosity due to stretching of BC network. Pore diameters
ranged from several dozen to several hundred nanometers and very
irregular shape in a high-density network for control BC (Fig. 5c)
while the pore diameter and shape irregularity reduced substan-
tially due to the decrease in inter-fibrillar angles and fiber-fiber gap
along the stretching axis for stretched BC (Fig. 5d).

Fig. 6 shows typical tensile stress-strain plots of control and
stretched BC while Table 1 presents the average values for apparent
Young's modulus, fracture stress, and fracture strain obtained from
the plots. As seen in data presented in Table 1, apparent Young's
modulus and fracture stress of stretched BC increased substantially.
These were accompanied by a significant decrease in fracture strain
as can be expected. Compared to control BC, apparent Young's
modulus was increased by approximately 103% (from 3.2 GPa to
6.5 GPa) and fracture stress was increased by about 85% (from
71.3 MPa to 132 MPa) after stretching as a result of enhanced
nanofibrillar orientation. The same factor reduced the fracture
strain by about 45% (from 4.5% to 2.5%) in stretched BC as expected.
Analysis of variance (ANOVA) revealed the difference in the tensile
properties between control and stretched BC to be significant (p-
value < 0.05). The major reason for the enhancement of apparent
Young's modulus and fracture stress in the stretched BC is the
nanofibrillar alignment in the direction of loading [29]. The other
practical reason for the increase in apparent Young's modulus and
fracture stress might be attributed to the reduction in porosity. It is
well-known that porosity is one of the most important structural
characteristic of BC [30]. The adverse effect of porosity on the
mechanical properties in materials has been discussed by Retegi
et al. [30]. Theoretically, the porosity (P) of BC can be calculated
from the absolute density of cellulose crystallite ðrt � 1:59g=cm3Þ



Fig. 3. Azimuthal intensity profiles at the equatorial reflection (200) for through-plane and cross-section directions of control and stretched BC.

Fig. 4. Degree of orientation for through-plane and cross-section views of control and
stretched BC. Inset schematic shows the direction of X-ray beam.
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and bulk density (rs) of BC using the equation [30]:

P ¼
�
rt�rs
rt

�
� 100%. The bulk densities of the control and

stretched BC as determined by measuring their volumes and
weights were found to be 1.02 g/cm3 and 1.18 g/cm3, respectively.
The calculated pore volume of the control BC was found to be 36%
which accounted for more than one-third of the total volume while
the pore volume of stretched BCwas reduced to around 26% or one-
fourth of the total volume. This result agrees well with the FESEM
observations discussed earlier and shown in Fig. 5 (c) and (d). The
experimental fracture stress and Young's modulus values were
calculated based on the geometrical area of the load resisting or the
lowest cross-section within the gauge length. However, the values
of such tensile properties can also be determined based on the real
area of the load resisting cross-section by considering the pore
volume. Taking into consideration the pore volume, fracture stress
and Young's modulus can be calculated using the equation [31]:
M ¼ Ma/(1�P), where Ma is the experimental property values
(fracture stress or Young's modulus) considering the porosity while
M is one of the properties (fracture stress/Young's modulus) of the
solid material considering there is no porosity and P is the pore
volume fraction.

As the next step, fully ‘green’ composites were developed by
filling the pores in the BC with biodegradable SPI resin using
vacuum-assisted impregnation process. In a composite material,
porosity should be reduced as much as possible since the pores
have a negative influence on the stress transfer between fiber and
resin [32]. Fig. 7 shows the FESEM images of surfaces of control and
stretched BC-SPI composites at different magnifications. As can be
seen in Fig. 7, SPI resin fills the pores effectively in both composites.
Despite these observations of the micrographs, these composites
may still have some porosity which have been calculated according

to the equation [33]: Porosity ¼
 
1� rc

wf rfþwrrr

!
� 100% , where rc,



Fig. 5. FESEM images of surfaces of control (a, c) and stretched BC (b, d) at different magnifications.

Fig. 6. Typical tensile stress-strain plots of the control and stretched BC.

Table 1
Tensile properties of control and stretched BC.

Specimen Apparent Young's modulus (GPa)a Young's modulus (GPa)b Experimental fracture stress (MPa)a Fracture stress (MPa)b Fracture strain (%)

Control BC 3.2 ± 0.4 5.0 ± 0.6 71.3 ± 13.9 111.4 ± 21.8 4.5 ± 0.7
Stretched BC 6.5 ± 0.7 8.8 ± 1.0 132.0 ± 19.5 178.3 ± 25.9 2.6 ± 0.3

a Experimental values for porous BC (based on geometrical area).
b Recalculated values taking consideration of porosity (based on real area).
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rf and rr, are the bulk densities of the composite, BC and SPI,
respectively, and wf, and wr are weight fractions of BC, and SPI,
respectively. The porosities in both composites were calculated to
be in the range of 2e3% which may be quite typical.

Since the processing of resin was water-based, the resin and
fiber weight fractions could easily be controlled by simply adjusting
the concentration of the SPI solution. Previously, Nakagaito and
Yano observed a bi-linear relationship between Young's modulus
and fiber content in phenol-formaldehyde/micro-fibrillated cellu-
lose (MFC) composites [34]. They found that increasing MFC con-
tent up to 40 wt% resulted in a linear relationship with Young's
modulus while above 40 wt% fiber content created a negative de-
viation from this linear relationship. They described this as the
reinforcing saturation effect. Retegi et al. observed difficulties to fill
the pores with epoxidized soybean oil resin in acetylated BC at high
content in spite of the low viscosity of the resin [35]. This caused
inhomogeneity problems in acetylated BC-epoxidized soybean oil
composites [35]. Since the effect of fiber content was not the prime
concern in this study, the BC content in the composites was
maintained at about 40 ± 2% by weight based on the previous
studies [34,35]. Here, the effect of stretching on the tensile prop-
erties of the BC-SPI composite was investigated and is discussed
later.

Typical tensile stress-strain plots of SPI resin, control, and
stretched BC-SPI composites are shown in Fig. 8 and Table 2 sum-
marizes Young's modulus, fracture stress, and fracture strain values
obtained from the plots. The tensile properties of SPI resin included
in Table 2 were used to calculate the theoretical values of the
composites using rule of mixtures (ROM). As expected, similar ef-
fects of stretching on the tensile properties were observed in the
case of composites. The stretched BC-SPI composites showed



Fig. 7. FESEM images of surfaces of control BC composite (a) and stretched BC composite (b) shown at different magnifications.

Fig. 8. Typical tensile stress-strain plots of SPI resin, control BC-SPI, and stretched BC-
SPI composite.

Table 2
Tensile properties of SPI resin, control and stretched BC-SPI composite.

Specimen Young's modulus (GPa) Fracture stress (MPa) Fracture strain (%)

SPI resin 0.9 ± 0.2 25.3 ± 4.2 6.5 ± 2.8
Control BC-SPI (Experimental) 1.9 ± 0.3 40.0 ± 7.6 4.2 ± 0.4
Control BC-SPI (Theoretical)a 2.5 e e

Control BC-SPI (Theoretical)b 6.9 e e

Stretched BC-SPI (Experimental) 3.6 ± 0.4 66.3 ± 10.1 2.7 ± 0.3
Stretched BC-SPI (Theoretical)a 4.1 e e

Stretched BC-SPI (Theoretical)b 12.5 e e

a Considering the theoretical properties of BC mat and conventional ROM model.
b Considering the theoretical properties of single BC fiber and modified ROM (Cox-Krenchel) model.
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significantly higher modulus and strength with lower fracture
strain compared to control BC-SPI composites. Control BC-SPI
composites showed an average Young's modulus of 1.9 GPa, frac-
ture stress of 40 MPa and fracture strain of 4.2%. After stretching,
the Young's modulus increased by about 90% to 3.6 GPA and the
fracture stress increased by 66% to 66.3% MPa while the fracture
strain decreased by about 36% to 2.7%. The improvements in the
tensile properties of the composites due to stretching were found
to be slightly lower as compared to the improvements observed in
the BC alone. SPI resin impregnated BC-HS was more difficult to be
aligned through stretching compared to BC-HS alone. The main
reason for this is the higher viscosity of the impregnated SPI resin
impedes the natural movement of the BC nanofibrils, compared to
water, and limits their disentanglement and, hence, their
orientation.

The theoretical values for Young's modulus and fracture stress of
control and stretched BC-SPI composites were calculated using
ROM to compare with the experimental values (Table 2) [27]. The
ROM model for randomly-oriented fiber composites modified by
Cox and Krenchel was used to predict the Young's modulus of the
composites since this model has been modified by taking into
consideration the effect of fiber length and orientations
[36]: Ec ¼ hlh0Efvf þ Em(1�vf), where Ec, Ef, and Em are Young's
modulus values of composite, BC nanofibrils and soy protein resin,
respectively, and vf is the volume fraction of BC nanofibrils in the
composites. hl is a length correction factor for ‘short’ reinforcing
fibers [36]. For continuous fibers, hl is considered as 1. h0 is the
Krenchel orientation efficiency factor which can be expressed as:
h0 ¼Pn

1ancos
4qn, where, an is the ratio between the cross-sectional

area presented by a group of fibers orientated at an angle qn to the
applied load direction and the total area of all the fibers at a given
cross-section of the composites. In this study h0 was taken 0.2 for
3D randomly-oriented fibers [37]. However, it is very difficult to
assume the value of h0 for the stretched and oriented BC in the
present case. For the calculation, the value of 0.375 was used by
taking into consideration the orientation distribution at different
angles as shown in Fig. 5d and the DO as observed in Fig. 4. The
densities of SPI resin and BC nanofibrils used to calculate the
theoretical values were 1.27 and 1.59 g/cm3, respectively [30]. The
theoretical predictions and experimental results for Young's



Fig. 9. FESEM images of fracture surfaces of control (a, c), and stretched (b, d) BC-SPI composites at different magnifications after uniaxial tensile test.
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modulus values for control and stretched BC are very different from
each other while the properties of single BC fiber are considered
(Table 2). However, based on the properties of BC mat the theo-
retical and experimental values for Young's modulus of the com-
posites are very close. The theoretical value of Young's modulus for
BC mat, even if BC nanofibrils were aligned, would be much lower
compared to a single BC nanofibril as per the bundle theory of fibers
[38]. In addition, fiber orientation, another significant factor, should
also be considered for calculating the theoretical properties of the
composites. The agreement between the theoretical and experi-
mental values for Young's modulus of the BC mat can be attributed
to the BC and SPI compatibility in the composites [25,26]. In
addition, vacuum-assisted SPI infiltration helps to obtain BC-SPI
homogeneity. Overall, the significant enhancements in tensile
properties of composites are the result of the increased orientation
of the BC nanofibrils.

Fig. 9 shows FESEM images of fracture surfaces of control and
stretched BC-SPI composites after the tensile test. More random
and undulated layers were observed in the control BC-SPI com-
posites (Fig. 9a) whereas more compact and smooth appearance of
layers were observed in stretched BC-SPI composites (Fig. 9b). The
more compact layer suggests reduction in the porosity and increase
in the orientation due to stretching. Besides, comparatively less
featured fracture surface with less interruption of failure propa-
gation was observed in the stretched BC-SPI composite indicating
more brittleness. On the contrary, a greater degree of roughness in
the control composites indicates greater interruption of failure
propagation implying a ductile system. The mechanical properties,
e.g., fracture strain, observed during tensile tests agree with the
FESEM analysis. As seen in Fig. 9c, some of the BC nanofibrils are
protruding out from SPI resin in control BC-SPI composite specimen
as indicated by the red arrows. However, less nanofibrillar protru-
sion from the resin was observed (Fig. 9d) in the stretched BC-SPI
composite. The protruding lengths in this case are shorter
compared to the control BC-SPI composites. This phenomenon can
be explained by the brittle fracture or low fracture strain behavior
of the stretched composite. Nanofibrils more alignedwith the plane
of the fracture surface are easier to be pulled out than those
perpendicular to it.
4. Conclusions

In this study, a straightforward process for the fabrication of
oriented BC and BC-reinforced ‘green’ composites by simple
hydrogel-stretching, drying and curing has been developed.
Although the mechanical (tensile) properties of BC depend on
several intrinsic, extrinsic and processing parameters, the effect of
orientation has been considered in this study, keeping the other
factors constant. An optimum and controlled stretching of BC
hydrogel at a cross-head speed of 0.05 mm/min and a strain ratio of
1.2 demonstrated significant improvements in the orientation of
randomly-oriented nanofibrils and resulted in significantly higher
tensile properties. Similarly, significant improvement in the tensile
properties of BC-SPI composite was obtained after similar stretch-
ing of SPI-impregnated BC hydrogel, due to nanofibrillar orienta-
tion. High density of entanglements in BC networks was seen to
impede obtaining perfect alignment through stretching. The en-
tanglements, in the future, may be reduced through the control of
microbial movement during the fermentation process. Hence,
considering the simplicity of the route and sustainable character-
istics of the materials, the process could open up opportunities for
the development of mechanically robust and lightweight advanced
‘green’ composites that can replace traditional non-degradable
plastics and composites.
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