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Abstract 
A matured canola plant has different types of stems based on the diameter, 
such as narrow (immature), medium (mature), and wide (over mature). There-
fore, this study was focused on investigating the properties of the extracted 
canola (HYREAR 3) fibers from 3 different diameter of stems (narrow, me-
dium and wide). The physical (average length, aspect ratio, contact angle, and 
moisture regain) and mechanical (load at break, elongation at break, tensile 
stress, young’s modulus, and tenacity) properties of fibers were measured. 
ANOVA showed that stem diameter had effects on all fiber properties except 
for average length and elongation at break. Fiber diameter also had significant 
effects on load at break, elongation at break, aspect ratio, tensile stress, and 
young’s modulus. In corrgram, it was found that tensile stress, young’s modulus, 
and aspect ratio were negatively correlated to fiber diameter whereas load at 
break and tenacity were positively associated. Mean values showed that stem 
diameter had effects on all fiber properties except for average length. The 
mean values of fiber diameter, load at break, elongation at break, tenacity, and 
contact angle were highest and the lowest mean values were observed for ten-
sile stress, young’s modulus and aspect ratio in fibers of 7 - 10 mm stems 
(medium matured), hence found to be less stiff. Moisture regain ability showed 
that canola fibers isolated from ≥8 mm stem diameter were more hydropho-
bic whereas contact angle measurement showed relatively more hydrophobic 
nature of 7 - 10 mm stem fibers. Therefore, this study provided an insightful 
understanding of the quality of the canola fibers of different stems which will 
ultimately help to choose the best stem to extract different qualities of fibers 
for commercial uses. 
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Elongation at Break 

 

1. Introduction 

Natural fibers, that is, plant and animal fibers have different commercial appli-
cations. Bast fibers isolated from plant stems, are current research interest due to 
their high availability [1]. Though at recent times, the use of synthetic fibers is 
higher [2] [3]. natural fibers gradually replacing the place considering various 
advantages, such as, better ability to withstand damage, lower cost etc. [1]. In 
addition, synthetic fiber production process increases the environmental pollu-
tion [4] [5]. Therefore, researchers are now focusing on alternative resources to 
develop fibers that are available, sustainable, and cause minimal environmental 
damage [1]. 

Natural fibers have received increasing interest from biocomposite manufac-
turers for use in various applications due to their wide range of properties [6]. A 
composite is defined as a physical mixture of two or more materials and exhibits 
properties that are generally better than those of the individual materials. A 
suitable combination of materials is required to produce a superior composite, 
as individual materials alone cannot perform well at an acceptable cost [7]. Cur-
rent research is focused on developing biocomposites made from flax, hemp, 
jute, coir, palm, and other natural fibers. Fiber properties can be influenced by a 
number of factors, including fiber length, maturity, and the processing method 
used to extract fibers. The internal structure and chemical composition of fiber 
determine various characteristics such as ultimate tensile strength, Young's mod-
ulus, density, and electrical conductivity, among others [8] [9]. 

Natural fibers can also be used in the textile industries; for example, cotton is 
the most popular natural textile fiber. Jute is considered the second most impor-
tant natural bast fiber behind cotton (seed fiber). Jute is primarily used to man-
ufacture cloth, bags and coarse fabrics [10] [11]. Interestingly, not all fibers are 
suitable for use as textile fibers. A textile fiber must possess certain properties, 
with given ranges of length, strength, fibrous structure, spinnability, flexibility, 
cohesiveness, elasticity, fineness, uniformity, luster, color, and the ability to react 
with acid or alkali [12]. To maintain durability, a fabric knitted by fibers must 
have a certain level of mechanical strength to tolerate the wear and tear that oc-
curs during regular use [13]. In addition, textile fibers must tolerate spinning 
stress and tensile force (tenacity) during different stages, such as the winding, 
warping, sizing, and fabric formation (weaving and knitting) processes applied 
during manufacturing [14]. Overall, the fabric strength is determined by the fi-
ber strength. The quality of a cellulosic bast fiber may vary due to the intrinsic 
properties of its natural components, such as the cellulose content, lignin content, 
fibrous nature, and fiber bundle morphology within plant stems [15] [16]. Among 
natural fibers, Canadian researchers are currently focusing on canola (Brassica 
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napus) fibers, which is a plant bast fiber, for use in industrial applications. 
Some recent studies in our lab have investigated the use of this bast fiber for 

biocomposite production as well as textile applications. These studies include the 
characterization of canola biomass (fibers) of four cultivars [17], determination 
of the wicking properties of canola biomass for three growth stages of the canola 
plants [18], optimization of the retting time and temperature and characteriza-
tion of canola fibers with alkali, softener, and enzymes for textile applications 
[19]. The percentages of the important chemicals in Jute and cotton (ideal fiber 
for textile industries) and also canola fibers are given in Table 1. Considering 
the types and composition, it is reasonable to find that canola is a lignocellulosic 
bast fiber [20] because the lignin content (wood fiber content) is much higher 
and cellulose content is much lower in canola fiber than in cotton and jute fi-
bers, most likely explaining why canola fiber is less flexible than cotton and jute. 
The maturity of plant stems at different growth stages differs, and hence, the 
chemical composition (cellulose to lignin ratio) may also differ. 

Alcock et al., (2018) have investigated the mechanical properties of flax fibers 
based on stem maturity [24]. However, there are no corresponding data available 
for canola plant fibers that are primarily used as waste biomass. If one could dis-
tinguish canola fiber qualities based on stem maturity, it would be easier to dif-
ferentiate the canola stems suitable for further fiber extraction in varying com-
mercial uses. In general, stiffer fibers are primarily used for biocomposite pro-
duction [25] [26] whereas flexible fibers are mostly used by textile industries 
[27]. In this study, we focus on the assumption that stiffer fibers are extracted 
from more mature stems. Therefore, the hypothesis of our study was “narrow 
diameter stem (immature) of canola plant has less stiff fibers”. To test this hy-
pothesis, the current study aimed to investigate the effects of stem diameter on 
the physical and mechanical properties of canola fibers collected from three 
groups of stems based on diameter, including narrow (immature), medium (ma-
ture), and wide (most mature) stems (Figure 1). This study was focused on a  

 
Table 1. Dominant chemical components of canola and cotton fiber (percentage based on 
optical density) [21] [22] [23]. 

Component Canola fiber Jute fiber Cotton fiber 

Cellulose 44% 61% - 75.5% 88% - 96% 

Lignin 19.21% 12% - 13% 0.4% - 1% 

 

 
Figure 1. A mature canola plant. 
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single type of canola fibers collected from a single cultivar (HYREAR 3), species 
(Brassica napus), time, and location. 

2. Materials and Methods 

Collection of plant samples 
Brassica napus plants (type: canola) (cultivar: HYREAR 3) were harvested 

from the field of Carman which was coordinated by the Department of Plant 
Science, University of Manitoba in the mid of August, 2019. Following harvest-
ing, plant samples were carried out to the textile laboratory located in the De-
partment of Biosystems Engineering at the University of Manitoba were stored 
at approximately 25˚C ± 2˚C and 33% ± 2% relative humidity prior to retting 
and physical and mechanical characterization. 

Retting of plant stems 
In this study, we did total six extractions using same condition for each batch 

and categorized the stems in three types based on 3 different diameter ranges of 
stems and each range was separated by at least 0.10 mm. The stem diameter 
ranges were categorized in 2 groups; in group-1, total 4 extractions were in-
cluded, such as extraction-1 (E1), extraction-3 (E3), extraction-4 (E4), and ex-
traction-6 (E6) whereas extraction-2 (E2) and extraction-5 (E5) were considered 
as group-2 (Table 2). Group-1 extractions had nearly similar diameter range and  

 
Table 2. Three different types of stems based on different diameters. 

Extractions Stems Diameter ranges (mm) Groups 

E1 

Narrow 2.8 - 4.5 

1 Medium 4.8 - 7.8 

Wide 8.0 - 10.0 

E2 

Narrow 2.5 - 6.0 

2 Medium 7.0 - 9.0 

Wide 9.5 - 12.5 

E3 

Narrow 2.8 - 4.5 

1 Medium 4.8 - 7.8 

Wide 8.0 - 10.0 

E4 

Narrow 2.8 - 4.5 

1 Medium 4.8 - 7.8 

Wide 8.0 - 10.0 

E5 

Narrow 2.5 - 6.0 

2 Medium 7.0 - 9.0 

Wide 9.5 - 12.5 

E6 

Narrow 2.8 - 4.5 

1 Medium 4.8 - 7.8 

Wide 8.0 - 10.0 

NB: E = Extraction. 
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so as group-2. Each of the plant stem was cut by around 10 cm long and the di-
ameters of the stems were measured by a Digital Slide Caliper (Model: MAS- 
TERCRAFT, 58-6800-4). All those three categories of stems were then incubated 
for retting in a water bath (Model: HAAAKE SWB 20, Germany) for 48 ± 2 
hours at 40˚C. 

Estimation of fiber yield (%) 
The fibers were isolated from the plant stems and then air dried in the lab for 

approximately 72 hours. The temperature and the relative humidity (RH) of that 
lab were nearly 25˚C ± 2˚C and 33% ± 2%, respectively. The weight of the plant 
stems and the dried fibers was then measured using the following formula for 
the fiber yield (%) determination and stored in a small sealed plastic bag in that 
specific lab for further use. 

Fiber yield (%) of the extracted fibers was calculated using the following formula: 

( ) ( )
( )
Weight of the conditioned fibers after extraction

Fiber yield % 100
Weight of conditioned plant stems before retting

= × . 

Separation of fibers 
The dried fibers were then soaked in distilled water for 10 minutes and indi-

vidually separated from each other manually using a sharp needle and kept in 
lab (nearly 25˚C ± 2˚C temperature and 33% ± 2% RH) for 72 hours. All the ex-
tracted and individually separated, dried fibers were packed in a small sealed 
plastic bag and stored at that specific lab for future use. After separation, 50 in-
dividually isolated fibers were prepared for diameter and strength measurement 
and 30 fibers for contact angle measurement of each stem diameter of a single 
set. Hence, total 150 fibers from each set were taken for fiber diameter mea-
surement and strength testing and 90 fibers were selected for contact angle mea-
surement (E1, E2, and E4). Another 20 fibers were taken from each set (E3 and 
E6) to compare and contrast between E1, E3, E4, and E6 and also pooled group- 
1 (E1 + E3 + E4 + E6) (Table 3). 

Determination of diameter of fibers 
The diameter of the breaking point of fiber was measured by the Biquant  

 
Table 3. Sample numbers to measure diameter, strength and contact angle. 

Stems 

Group-1 Group-2 

E1 E3 E4 E6 E1 + E3 + E4 + E6 E2 

Fibers for 
D and S 

Fibers 
for CA 

Fibers for 
D and S 

Fibers 
for CA 

Fibers for 
D and S 

Fibers 
for CA 

Fibers for 
D and S 

Fibers 
for CA 

Fibers for 
D and S 

Fibers 
for CA 

Fibers for 
D and S 

Fibers 
for CA 

n n n n n n n n n n n n 

Narrow 50 30 20 20 50 50 20 20 140 100 50 30 

Medium 50 30 20 20 50 50 20 20 140 100 50 30 

Wide 50 30 20 20 50 50 20 20 140 100 50 30 

Total 150 90 60 60 150 150 60 60 420 300 150 90 

N.B: E = Extraction, n = number of sample, D = Diameter, S = Strength, CA = Contact Angle. 
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Image Analyzer (BIQUANT Image Analysis Corporation, USA). Two (narrow-
est and widest) readings of the diameter in µm were taken from each fiber. The 
mean of these two values indicated the final average diameter of the sample. The 
narrowest diameter was used for strength measurement as it is more likely that 
the narrowest part of fiber would break mostly and strength of this part was the 
general case for strength measurement. For contact angle measurement, the av-
erage diameter in millimeter (mm) was used. 

Determination of strength of fibers 
The fiber breaking load was measured using an Instron Strength Tester (Mod-

el: 5965, Massachusetts, USA). The machine was mounted with a 1 Kilo Newton 
(KN) load cell and fibers were evaluated with an upper crosshead speed of 2 
mm/min following the principle of constant rate of extension [28]. The sample 
for measuring the fiber strength was considered as 25.4 mm. 

Determination of contact angle (CA) (θ) of fibers 
The Attention Sigma 700 force Tensiometer (Biolin Scientific, Sweden) de-

termined the dynamic contact angles by dipping (advancing) and withdrawing 
(receding) a fiber sample in the liquid [29]. In this study, we used average di-
ameter of fibers (taking two diameters from narrowest and widest part of the fi-
bers) and water as liquid to dip the fibers. 

Estimation of moisture regain (MR) % of fibers 
The moisture uptake of the fibers was measured by incubating the extracted 

fibers in different relative humidity (RH) % controlled by using desiccators [59]. 
At first, all the fiber specimens were conditioned in an oven at (100  ±  3)˚C for 4 
hours, then weighed and then again conditioned in oven at (100  ±  3)˚C for 
another 2 hours and measured the weight of the fibers. Similar procedure was 
repeated for another 1 hour. When the equilibrium weight was found for two 
consecutive measurement, then the fibers were incubated in desiccator condi-
tioned starting with 11.3% relative humidity (RH) for 24 hours. Then the speci-
mens were removed from the desiccator, weighed to measure the gained mois-
ture weight, measured the moisture regain (%) using the following formula and 
then put back in desiccator for another 24 hours. When the equilibrium weight 
was found for two consecutive measurements, then the fibers were put in oven 
again to condition the fibers at (100  ±  3)˚C for 4 hours. The procedure was re-
peated for another 6 times to measure the moisture regain of fibers for another 6 
RH (%) conditions counting total 7 RH (%) conditions. Table 4 presents differ-
ent parameters used in moisture regain (%) experiment. 

 
Table 4. Parameter used to estimate moisture regain (MR) %. 

RH (%) 

Moisture regain weight  
at different RH (%) 

Oven dry weight at  
(100  ±  3)˚C 

24 hours 24 hours 4 hours 2 hours 1 hour 

11.3%, 23.5%, 55%, 75.5%, 84.3%, 93.6%, 100% g g g g g 

N.B: % = Percentage, g = gram, RH = Relative Humidity. 
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Moisture regain (MR) % of the extracted fibers were calculated using the fol-
lowing equation: 

( ) ( )
( )

Weight of moisture in the fiber specimen
Moisture regain MR % = 

Weight of oven dried fiber specimen
100× . 

Statistical analysis 
The data were analyzed using the software Microsoft Excel, R 3.5.3, and RStu-

dio for Windows 10 (32/64 bits). One way ANOVA was analyzed using one tail 
t-test performed by Satterthwaite's method. A probability distribution formed 
from several independent normal distributions was estimated using this method 
because the variance estimates were known. Linear mixed model (fiber proper-
ties ~ stem diameter) using lmer in RStudio was conducted considering stem 
diameter as a fixed effect and fiber diameter as a random effect to observe the 
effect of stem diameter on the fiber properties [30]. The mean and the standard 
deviations were analyzed and linear model was used to find the differences. On 
the other hand, to observe the effect of fiber diameter on the fiber properties, the 
following linear mixed models were used where the random effect was stem di-
ameter and fixed effects were narrowest and average diameter (Table 5). The 
models were developed using the simple formulas of different parameters. The 
average length, tenacity, and aspect ratio were analyzed using narrowest diame-
ter and the contact angle was analyzed using average diameter of fibers. 

3. Results and Discussions 

Fiber yield (%) of the extracted fibers 
The fiber yield (%) was measured using the total weight of the stems and the 

retted fibers after extraction and drying. Here, there were six extractions and each 
extraction contained stems of three separate diameters, and so, there were three 
different yields (%) in each extraction. The mean values and the standard devia-
tions were provided in Table 6 for group-1 (E1, E3, E4, and E6) and group-2 (E2 
and E5) extractions. Table 7 provided the information of yield (%) of all individu-
al extractions. The yield (%) was found between 2.51% and 4.84% and it was vari-
able between different stems (narrow, medium and wide) (Table 6 & Table 7). 
Hence, the stem diameter didn’t have any effect on the fiber yield (%). 

 
Table 5. Models used in this study to test the hypothesis. 

Formulas Models 

 
avelength/tenacity/aspectratio/contact angle ~ 

narrowestdiameter/avediameter 

Tensile stress = Force/Area tensilestress ~ loadatbreak x invarea 

Tensile stress = Force/Area loadatbreak ~ tensilestress x invarea 

Young’s modulus = Stress/Strain youngsmodulus ~ tensilestress x invtensilestrain 

Young’s modulus = Stress/Strain elongationatbreak ~ tensilestress/youngsmodulus 

N.B: invarea = inverse area, invtensilestrain = inverse tensile strain. 
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Table 6. The mean value of fiber yield (%) of group-1 and group-2 extractions 

Group-1 
E1, E2, E3, and E4 

Group-2 
E2 and E5 

Stem diameter Yield (%) Stem diameter Yield (%) 

Narrow 3.56 ± 1.16 Narrow 4.07 ± 0.35 

Medium 3.41 ± 0.66 Medium 3.84 ± 0.68 

Wide 3.62 ± 0.74 Wide 3.21 ± 1.01 

N.B: Mean ± standard deviation. 
 

Table 7. Fiber yield (%) of group-1 and group-2 fibers based on different stem diameters. 

Extractions Stem diameter Yield (%) Groups 

1 

Narrow 2.51 

1 Medium 3.17 

Wide 2.76 

2 

Narrow 3.82 

2 Medium 3.36 

Wide 2.49 

3 

Narrow 2.62 

1 Medium 2.60 

Wide 3.23 

4 

Narrow 4.28 

1 Medium 4.07 

Wide 4.30 

5 

Narrow 4.31 

2 Medium 4.32 

Wide 3.92 

6 

Narrow 4.84 

1 Medium 3.81 

Wide 4.17 

 
Previously in our lab, the fiber yield (%) of different cultivars of Brassica na-

pus was found between 6.23% and 13.82% [29] [31]. In this study, the yield (%) 
was found comparatively lower. It might be due to the variations in room hu-
midity condition, water condition, retting time, temperature, and also individual 
expertise in extraction of fibers. Thinner stems are prone to lodging which en-
hances the problems of uneven pod maturity and spread of diseases. Photosyn-
thetic capacity of the stems and pods is also significantly decreased by the dis-
ease infection, reducing yield (%) [32]. So, growth condition of plants is also a 
significant factor to get increased or decreased yield (%). 
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Effects of stem diameter on the physical and mechanical properties of the 
fibers (p-values) 

ANOVA showed that significant (p < 0.05) differences were not found be-
tween pooled narrow, medium and wide stem fibers taken from E1, E3, E4 and 
E6 for the properties of average length and elongation at break. Therefore, stem 
diameter didn’t have any effect on average length and elongation at break. How-
ever, while other properties such as fiber diameter, load at break, tenacity, tensile 
stress, young’s modulus, aspect ratio, and contact angle were considered, signif-
icant differences were observed (Table 8). Therefore, ANOVA showed that stem 
diameter had effects on fiber properties except fiber diameter, average length, 
and elongation at break. 

Effects of fiber diameter on the physical and mechanical properties of the 
fibers (p-values) 

After ANOVA analysis, insignificant (p > 0.05) differences were observed be-
tween different fiber diameters for average length in all extractions. Insignificant 
(p > 0.05) differences between different fiber diameters for tenacity in E4 and for 
contact angle in E2, E3, E4, and E6 were also found. Maximum insignificant (p > 
0.05) differences were observed in E3 for elongation at break, load at break, and 
contact angle including average length. Insignificant (p > 0.05) differences were 
also observed for young’s modulus as well as elongation at break in E6. On the 
other hand, significant (p < 0.05) differences for load at break, tenacity, tensile 
stress, young’s modulus, and aspect ratio were observed between different fiber 
diameters for maximum extractions. This information showed that fiber diame-
ter had strong effects on load at break, tenacity, tensile stress, young’s modulus, 
and aspect ratio. However, elongation at break was moderately and contact angle 
was poorly influenced by the fiber diameter (Table 9). In this respect, group-1 
and group-2 fibers showed almost similar properties. 

 
Table 8. Observation of the effects of stem diameter on the physical and mechanical 
properties of the fibers (p-values). 

Properties 
E1 + E3 + E4 + E6 

p-values 

Narrowest diameter (µm) 7.06e−07*** 

Average length (cm) 0.0992 

Elongation at break (%) 0.259 

Load at break (N) 2.08e−05*** 

Tenacity (gf/denier) 3.66e−05*** 

Tensile stress (MPa) 0.000278*** 

Young’s modulus (GPa) 0.00549** 

Aspect ratio (l/d) 0.000242*** 

Contact angle (˚) 0.000633*** 

N.B: p-value significance: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1, E = Extraction. 
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Relationship between the different variables of group-1 and group-2 fi-
bers using corrgram values 

Corrgrams, in their simplest form, are graphical presentations of correlation 
matrices. The corrgram values of Table 10 showed that the fiber diameter was 
not related to average length, elongation at break, and contact angle. Load at 
break and tenacity was positively and moderately correlated to the fiber diameter 
and tensile stress, young’s modulus, and aspect ratio was negatively and mod-
erately correlated to fiber diameter (group-1 and group-2). The results of the 
corrgram values were nearly consistent with the p-values of our current study 
(Table 8 & Table 9). Alcock et al., (2018) showed that flax fibers had statistically 
significant negative correlation with tensile strength differed by stem diameter 
[24] which is consistent with our current study findings. 

 
Table 9. Observation of the effects of fiber diameter on the physical and mechanical 
properties of the fibers (p-values). 

Properties 

Fiber diameter 

Group-1 Group-2 

E1 E3 E4 E6 E2 

Average length (cm) 0.1517 0.187 0.2751 1 0.4165 

Elongation at break (%) 0.000972*** 0.427 0.004891** 0.350 4.24e−07*** 

Load at break (N) 4.407e−09*** 0.307 0.005887** 0.000976*** 0.008426*** 

Tenacity (gf/Tex) 0.000457*** 0.0297* 0.5724 0.000299*** 0.01517* 

Tensile stress (MPa) <2e−16*** 0.0297* <2e−16*** 0.000292*** <2e−16*** 

Young’s modulus (GPa) 6.825e−16*** 0.000267*** 7.262e−14*** 0.914 7.262e−14*** 

Aspect ratio (L/D) <2.2e−16*** 1.28e−06*** 5.32e−11*** 0.0245* <2.2e−16*** 

Contact angle (˚) 0.02345* 0.127 0.6861 0.358 0.6485 

N.B: p-value significance: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1, E = Extraction. 
 

Table 10. Finding the relationship between the variables of group-1 and group-2 fibers. 

Fiber  
diameter 

Properties 

Group-1 Group-2 

E1 + E3 + E4 + E6 
Corrgram values 

E2 
Corrgram values 

Average length (cm) 0.07 0.07 

Elongation at break (%) −0.11 0.07 

Contact angle (˚) −0.01 0.03 

Tensile stress (MPa) −0.36 −0.57 

Young’s modulus (GPa) −0.46 −0.66 

Aspect ratio (L/D) −0.63 −0.75 

Load at break (N) 0.16 0.34 

Tenacity (gf/Tex) 0.16 0.22 

N.B: E = Extraction. 
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The relationship between fiber properties and stem diameter using mean 
values 

In this study, a difference in physical and mechanical performance was found 
between narrow, medium and wide stem fibers that were separated by at least 
0.10 mm range (Table 2). These large variations in stem diameters might cause 
large standard deviations during fiber tensile properties [24] [31]. To reduce the 
large standard deviations, data were transformed to square root and squared 
again to get the relative value. 

Effects of stem diameter on canola fiber diameter 
Table 11 is showing the physical and the mechanical properties of cotton and 

jute fibers and Table 12 & Table 13 is showing the mean values of narrowest 
and average diameter of the fibers isolated from narrow, medium and wide 
stems of group-1 and group-2 (E2) fibers. The mean values for narrowest di-
ameter ranged from (44.19 - 59.91) µm and the mean values for average diameter  

 
Table 11. Physical and mechanical properties of cotton Cotton: [33] [34] [35] [36] and Jute: [10] [33] [37] [38] [39] [40] [41] 

Fibers 
Diameter 

(µm) 
Length 
(cm) 

Moiture 
Regain 

(%) 

Contact angle 
(˚) 

Elongation 
at break 

(%) 

Load at 
break 
(N) 

Tenacity 
(gf/tex) 

Tensile 
stress 
(MPa) 

Young’s 
modulus 

(GPa) 

Aspect 
ratio 
(L/D) 

Cotton 14 - 21 1.5 - 5.6 8.5 
~ 0 (control) 

156.3 (treated) 
3 - 12 1.63 - 1.97 1.7 - 6.3 287 - 597 4.8 1400 

Jute 12 - 18 100 - 400 10 - 12 36 - 42 1.69 - 1.83 31.63 26.5 - 51.2 300 - 700 20 - 50 150 

 
Table 12. The mean values of narrowest diameters of group-1 and group-2 fibers used in 
this study. 

Stems 

Narrowest diameter (µm) 
(used for tensile strength measurement) 

Group-1 
E1 + E3 + E4 + E6 

Group-2 
E2 

Narrow 44.19 ± 0.66 49.28 ± 1.46 

Medium 45.84 ± 1.15 59.91 ± 1.54 

Wide 53.15 ± 1.15 53.58 ± 1.61 

N.B: Mean ± standard deviation, E = Extraction, µm = Micrometer. 
 

Table 13. The mean values of average diameters of group-1 and group-2 fibers used in 
this study. 

Stems 

Average diameter (µm) 
(used for contact angle measurement) 

Group-1 
E1 + E3 + E4 + E6 

Group-2 
E2 

Narrow 0.09 ± 0.02 0.09 ± 0.03 

Medium 0.08 ± 0.03 0.10 ± 0.03 

Wide 0.09 ± 0.02 0.08 ± 0.02 

N.B: Mean ± standard deviation, E = Extraction, mm = Milimeter. 
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ranged from (0.08 - 0.10) mm. The highest mean value of narrowest and average 
diameter of wide stem fibers of cumulative extractions of group-1 and medium 
stem fibers of group-2 (E2) was found. The diameter for cotton fibers is 14 - 21 
µm and jute is 12 - 18 µm which are significantly lower than the canola fibers 
(Table 12 & Table 13). Therefore, canola fiber diameter might affect its applica-
tion as textile fibers. 

Effects of stem diameter on canola fiber length 
The canola fiber average length mean values ranged from 4.78 - 5.85 cm 

which was near to cotton fiber length (1.5 - 5.6 cm) and much lower than the 
jute fiber length (100 - 400 cm) (Table 11 & Table 14). There was no correlation 
was observed between narrow, medium, and wide stem fiber length of group-1 
and group-2 (E2) fibers and the mean values were found highly variable. There-
fore, stem diameter didn’t have any effect on average length of fibers. Fiber 
length is one of the most important characteristics in productivity of textile man-
ufacturing, such as, most of the shorter fibers (e.g. <4 - 5 mm) usually waste in 
the manufacturing process. Fibers with 5 - 15 mm in length give the fullness of 
the yarn rather than its strength, whereas fibers above 12 - 15 mm long contri-
bute to yarn strength and survive carding without significant shortening [42]. 
Therefore, 4.78 - 5.85 cm canola fiber length might be able to show those prop-
erties while using for textile applications. 

Effects of stem diameter on canola fiber elongation at break 
In this study, the elongation at break for canola was found 1.56% - 1.83% 

which was relatively lower than the cotton elongation at break (3% - 12%) and 
nearly similar to jute elongation at break (1.69% - 1.83%). Bast and leaf fibers 
have lower elongation at break (%) than seed, stalk, or industrially man-made 
fibers [43]. In this study, elongation at break (%) for wide stem fibers of cumula-
tive extractions of group-1 and group-2 (E2) was found highest (Table 15) 
making the fibers relatively less stiff. Because fibers with high elongation at break 
show lower strength and Young’s modulus. Higher elongation at break (%) means 
lower ability to resist changes, thus, enhancing relative flexibility [43]. Elasticity 
is a significant character in textile fibers, because textile products must have the 
ability to stretch and reform after deformation, for example, in the elbow of a 
garment. Therefore, the fiber elongation at break (%) should be at least 1% - 
2% which was consistent with our present study. With much higher elongation  

 
Table 14. Observation of the effects of stem diameter on average length. 

Stems 

Average length (cm) 

Group-1 
E1 + E3 + E4 + E6 

Group-2 
E2 

Narrow 5.85 ± 1.54 5.08 ± 0.96 

Medium 5.77 ± 1.58 5.02 ± 1.17 

Wide 5.46 ± 1.72 4.78 ± 1.12 

N.B: Mean ± standard deviation, E = Extraction. 
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Table 15. Observation of the effects of stem diameter on elongation at break. 

Stems 

Elongation at break (%) 

Group-1 
E1 + E3 + E4 + E6 

Group-2 
E2 

Narrow 1.67 ± 0.09 1.56 ± 0.12 

Medium 1.71 ± 0.09 1.80 ± 0.11 

Wide 1.83 ± 0.07 1.64 ± 0.10 

N.B: Mean ± standard deviation, E = Extraction. 
 

values (15% - 30%) in synthetic fibers often have spinning and drafting difficul-
ties [42]. Elongation at break showed that wide stem fibers of group-1 and me-
dium stem fibers of group-2 (E2) canola fibers might be useful for textile appli-
cations. 

Effects of stem diameter on canola fiber load at break and tenacity 
The load at break and tenacity were found in canola fibers 0.38 - 0.76 and 0.40 

- 0.77 gf/tex, respectively. In cotton fibers, the load at break and tenacity were 
found 1.63 - 1.97 N and 1.7 - 6.3 gf/tex, respectively which was higher than ca-
nola fibers. On the contrary, in jute fibers, the load at break and tenacity were 
found 31.63 N and 26.5 - 51.2 gf/tex, respectively which was much higher than 
canola fibers (Table 11, Table 16, & Table 17). In a fabric, as the tearing 
force/breaking load increases, the specific tightness of the yarns decreases and 
flexibility of yarn increases [44]. In the manufacturing of industrial fabrics, the 
high tenacity yarn is very useful, especially airbag fabrics [45] [46]. Therefore, 
high load at break and tenacity of fiber are important characteristics for the 
flexibility or elasticity of fibers to make yarn. Generally, stiffer fibers are used for 
composite productions [47] and flexible fibers are useful for textile applications 
[48]. In this study, load at break, and tenacity for wide stem fibers of cumulative 
extractions of group-1 and medium stem fibers of group-2 (E2) was found high-
est (Table 16 and Table 17) making the fibers relatively more flexible and less 
stiff and useful for textile applications. 

Effects of stem diameter on canola fiber tensile stress and young’s mod-
ulus 

The average tensile stress for cotton is 287 - 597 MPa and jute is 300 - 700 
MPa and for canola fiber, it was found 192 - 358 MPa which was overlapping to 
cotton and jute but shifted lower for canola. The average young’s modulus for 
cotton is 4.8 GPa and jute is 20 - 50 GPa and for canola fiber, it was observed 20 
- 37 GPa which was predominantly higher than cotton and overlapping to jute 
(Table 18 & Table 19). Prasad and Sain (2016) studied on hemp fibers as a raw 
material of composite productions and observed that the mechanical properties 
(tensile stress and young’s modulus) of natural lignocellulosic hemp fibers were 
found to be dependent on the fiber diameter reducing with gradual increase in 
fiber diameter [48]. This is also consistent with the general observation found in 
synthetic fibers, where the fiber diameter decreases and the amount of internal  
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Table 16. Observation of the effects of stem diameter on load at break (mean-values). 

Stems 

Load at break (N) 

Group-1 
E1 + E3 + E4 + E6 

Group-2 
E2 

Narrow 0.45 ± 0.05 0.38 ± 0.02 

Medium 0.55 ± 0.06 0.49 ± 0.05 

Wide 0.76 ± 0.27 0.40 ± 0.04 

N.B: Mean ± standard deviation, E = Extraction. 
 

Table 17. Observation of the effects of stem diameter on tenacity (mean-values). 

Stems 

Tenacity (gf/tex) 

Group-1 
E1 + E3 + E4 + E6 

Group-2 
E2 

Narrow 0.46 ± 0.05 0.40 ± 0.02 

Medium 0.56 ± 0.08 0.50 ± 0.06 

Wide 0.77 ± 0.08 0.44 ± 0.04 

N.B: Mean ± standard deviation, E = Extraction. 
 

Table 18. Observation of the effects of stem diameter on tensile stress (mean-values). 

Stems 

Tensile stress (MPa) 

Group-1 
E1 + E3 + E4 + E6 

Group-2 
E2 

Narrow 313.92 ± 49.9 228.31 ± 28.41 

Medium 358.74 ± 48.96 192.38 ± 22.28 

Wide 238.35 ± 40.11 196 ± 30.47 

N.B: Mean ± standard deviation, E = Extraction. 
 

Table 19. Observation of the effects of stem diameter on young’s modulus (mean-values). 

Stems 

Young’s modulus (GPa) 

Group-1 
E1 + E3 + E4 + E6 

Group-2 
E2 

Narrow 33.47 ± 4.15 26.73 ± 2.40 

Medium 37.51 ± 4.55 20.25 ± 3.13 

Wide 30.17 ± 3.15 22.56 ± 2.76 

N.B: Mean ± standard deviation, E = Extraction. 
 

flaws in the fibers also decreases, thus increasing the tensile stress and young’s 
modulus of fibers. For example, the mean tensile strength and young’s modulus 
of fibers were 4200 MPa and 180 GPa, respectively for hemp fibers with 4 μm 
diameter. For fibers with 66 μm diameter, these values reduced to 250 MPa and 
11 GPa, respectively. For 800 μm diameter fibers, the values decreased to 10 MPa 
for tensile strength and 2 GPa for tensile modulus. Shahzad (2013) observed that 
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hemp fibers with diameter of 67 μm had 277 MPa tensile stress and 9.5 GPa 
young’s modulus to find their compatibility to be used as reinforcement in 
composite materials [49]. 

Our results were consistent with these findings for wide stem fibers of cumu-
lative extractions of group-1 and medium stem fibers of group-2 (E2). Because 
the wide stem fibers of group-1 and medium stem fibers of group-2 (E2) had 
highest fiber diameter, but the tensile stress and young’s modulus were found 
lowest (Table 11, Table 18 & Table 19). Therefore, those fibers had lowest 
twisting moment force (tensile strength) and lowest ability to withstand changes, 
hence, the amount of internal flaws were also lowest for those fibers. Moreover, a 
flexible material has a low Young's modulus and changes its shape considerably 
(e.g. rubbers) [50] [51]. This quality indicated that wide stem fibers of group-1 
and medium stem fibers of group-2 were less stiff making relatively suitable for 
textile applications than the narrow and medium stem fibers of group-1 and 
narrow and wide stem fibers of group-2. Interestingly, the observations were 
found by Prasad and Sain in 2003 and Shahzad in 2013 were not consistent with 
our findings for the fibers of narrow and medium stem fibers of group-1 and 
wide stem fibers of group-2, where with the reducing fiber diameter, the tensile 
stress and young’s modulus fluctuated [48] [49]. 

Effects of stem diameter on canola fiber aspect ratio 
In short-fiber reinforced rubber, when the fiber aspect ratio (300) is higher, 

the tensile stress and young’s modulus in rubber is also higher on a specific 
length. Therefore, fiber with high aspect ratio is good for strengthening the fiber 
reinforced rubber. However, if the fiber aspect ratio exceeds 400, the tensile 
stress and young’s modulus decreases due to uneven dispersion of fibers in rub-
ber on a specific length [52]. In this study, the aspect ratio for canola fibers 
found to be significantly higher (8606-13413) (Table 20), because the fiber 
length of this study was found higher. Cotton fibers also have relatively higher 
aspect ratio (1400), however, the aspect ratio for jute (150) is much lower which 
seems to be good for textile applications (Table 11). In general, the aspect ratio 
for natural fibers seems to be higher and the threshold level of aspect ratio for 
canola fibers for different applications would be different. In this study, the as-
pect ratio for wide stem fibers of cumulative extractions of group-1 and medium 
stem fibers of group-2 (E2) was found lowest (Table 20) than the other stem  

 
Table 20. Observation of the effects of stem diameter on aspect ratio (mean-values). 

Stems 

Aspect ratio (L/D) 

Group-1 
E1 + E3 + E4 + E6 

Group-2 
E2 

Narrow 13,413.33 ± 454.56 10,840.97 ± 412.09 

Medium 12,821.44 ± 450.13 8606.27 ± 256.32 

Wide 10,462.2 ± 482.65 9289.10 ± 382.59 

N.B: Mean ± standard deviation, E = Extraction. 
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fibers making the fibers relatively less likely to produce composites and more 
likely to be used in textile applications. It is also important to note that aspect ra-
tio can be controlled by controlling the length of bast fibers, composites, and 
apparels. 

Effects of stem diameter on canola fiber contact angle 
Untreated cotton fabric contact angle is near to zero and its super hydrophilic 

in normal condition, however, by grafting graphene oxide on cotton fabric, the 
hydrophilic functional groups removed from its surface area, as result the fabric 
wettability and absorbency reduced considerably [53] and so, its contact angle 
turned higher (super hydrophobic, contact angle > 150˚) and the contact angle 
for jute fiber is 36˚ - 42˚ which is super hydrophilic (Table 11). Therefore, 
treated cotton fiber relative moisture gain reduced retaining its original quality 
for long at different atmospheric conditions [29] [53]. In our study, contact an-
gle found for control canola fiber was found 112˚ - 127˚ which was far higher 
than control cotton and jute and the highest contact angle was found in the wide 
stem fibers of cumulative extractions of group-1 and medium stem fibers of 
group-2 (E2) (Table 21) making them more hydrophobic like treated cotton and 
ability to retain its original quality for long. Therefore, contact angle revealed 
that wide stem fibers of cumulative extractions of group-1 and medium stem fi-
bers of group-2 (E2) were relatively more hydrophobic in nature retaining its 
original quality for long. 

In summary, mean values showed that stem diameter had effects on fiber 
properties (except average length) including fiber diameter. The mean values of 
elongation at break (Table 15), load at break (Table 16), tenacity (Table 17), 
and contact angle (Table 21) were highest for wide stem fibers of cumulative ex-
tractions of group-1 and medium stem fibers of group-2 (E2). On the contrary, 
the mean values of tensile stress (Table 18), young’s modulus (Table 19), and 
aspect ratio (Table 20) were found to be lowest for wide stem fibers of cumula-
tive extractions of group-1 and medium stem fibers of group-2 (E2). For average 
length, no correlation was observed of canola fiber mean values with stem di-
ameter (Table 14). It is interesting to note that though stem diameter had neu-
tral effect on average length of fibers, however, some effect was found in aspect 
ratio (Table 20). Significant (p < 0.05) differences were found between proper-
ties of group-1 and group-2 fibers when a linear model was used. 

 
Table 21. Observation of the effects of stem diameter on contact angle (mean-values). 

Stems 

Contact angle (˚) 

Group-1 
E1 + E3 + E4 + E6 

Group-2 
E2 

Narrow 112.16 ± 10.80 113.28 ± 7.91 

Medium 117.8 ± 16.03 127.78 ± 14.33 

Wide 126.11 ± 20.8 118.35 ± 12.85 

N.B: Mean ± standard deviation, E = Extraction. 
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All those properties of canola fibers comparing with the values of cotton and 
jute showed that the mean values of wide stem fibers of cumulative extractions 
of group-1 and medium stem fibers of group-2 (E2) were close to cotton and 
jute (Table 11) and hence, making the physical and mechanical properties rela-
tively close to cotton and jute than the narrow and medium stem fibers of group- 1 
and narrow and wide stem fibers of group-2. Here, it is important to note that 
the diameter range of wide stem (8 - 10 mm) fibers of group-1 and the medium 
stem (7 - 9 mm) fibers of group-2 was almost similar and fell between 7 mm to 
10 mm (Table 2). 

Quality of middle portion stem fibers 
The flax fiber tensile properties varies with the stem diameter of flax plants 

and the fibers with best tensile performance occurs in the middle portion of the 
stem [54] which is consistent with our present study findings (7 - 10 mm diame-
ter stem) (Table 2 & Tables 11-21). Bourmaud et al., (2016) found that the fiber 
diameter decreases from the bottom to the top of the stem which doesn’t go with 
our present study findings, it might be due to the variation in the chemical 
composition of canola and flax fibers [55]. 

Charlet et al. in 2007 and in 2009 explained that the middle stem fiber cell 
walls contain the highest contents of both cellulose and non-cellulosic polymers 
which helps the load transfer from one microfibril to another. When fibers iso-
lated from similar diameter stems from different portions of the stem were com-
pared, the mechanical differences were still found. The differences might be due 
to the differences in growing conditions where the bottom and top fibers are 
usually developed in a less desirable or interrupted growing conditions [54] [56]. 
Moreover, thinner (topper) stems are prone to lodging which enhances the prob-
lems of uneven stem and pod maturity and spread of diseases [32]. Interestingly, 
in our present study, we also found the differences in mechanical properties of 
fibers taken from similar diameter stems from different sections except the 7 - 10 
mm diameter stems (Table 2 & Tables 11-21). Because the chemical composi-
tion within 7 - 10 mm stem fibers might be similar. Alcock et al., (2018) also 
found that samples with the same stem diameter range had no correlations for 
tensile strength, young’s modulus or fiber diameter that were grown in different 
locations or were of different varieties, but had correlation grown within same 
location and same variety [24] which is also consistent with our current findings 
as well. Because the stems of the present study were collected from same canola 
field and same variety (HYREAR 3). 

A natural fiber (e.g. cotton) consists of a cell wall and lumen and the fiber 
turns to more mature as the cell wall thickens. A moisture-swollen mature cot-
ton fiber cell wall comprises 50% - 80% of the fiber cross-section whereas im-
mature cotton fiber comprises 30% - 45% and dead cotton fiber has less than 
25%. Industrial cotton stock does not include too many immature or dead fibers 
due to lack of adequate strength which can lead to problems such as loss of yarn 
strength, variable dye uptake and processing difficulties [42]. In our study, 7 - 10 
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mm canola stem fibers were found to be relatively more useful for textile appli-
cations rather than other types of stem fibers. 

Effect of stem diameter on fiber moisture regain (MR) % 
The increasing trend of MR (%) was observed for 11.3%, 23.5%, 55%, 75.5%, 

84.3%, 93.6% RH. On the other hand, a decreased trend in MR (%) was found at 
100% RH (Figure 2 and Figure 3). At saturated condition, fiber moisture regain 
capacity might be decreased. So, the MR (%) of canola fibers changed with the 
change in RH (%) which is also true for other natural fibers [57] [58]. The pat-
tern is similar for all wide, medium, and narrow stem fibers of E1, E4, E2, and  

 

 
Figure 2. Effect of fiber moisture regain (MR) % on stem diameter of group-1 fibers. (a) Wide, medium, 
and narrow stem fibers of E1, (b) Wide, medium, and narrow stem fibers of E4. The MR (%) increased with 
the increasing RH (%) except for 100% RH condition. The MR (%) was found to be lowest for wide stem 
fibers of E1 and E4 in most of the cases. 

 

 
Figure 3. Effect of fiber moisture regain (MR) % on stem diameter of group-2 fibers. (a) Wide, medium, 
and narrow stem fibers of E2, (b) Wide, medium, and narrow stem fibers of E5 The MR (%) increased with 
the increasing RH (%) except for 100% RH condition. The MR (%) was found to be lowest for wide stem 
fibers of E2 and E5 in most of the cases. 
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E5. It is important to note that the stem diameter range was similar between E1 
and E4 and between E2 and E5 (Table 2). Therefore, the mean value for each 
type of stem fibers was calculated taking the values from E1 and E4 and from E2 
and E5. Lowest mean value of MR (%) was observed for wide stem fibers of E1, 
E4, E2, and E5 which showed that fibers taken from ≥8 mm stem diameter were 
relatively more hydrophobic in nature than the fibers isolated from <8 mm stem 
diameter. The differences between mean values of E1, E4 and E2, E5 fibers were 
found statistically significant (p < 0.05) when a linear model was used. 

Contact angle showed that 8 - 10 mm stem fibers were relatively more hydro-
phobic which was somewhat consistent with the moisture regain ability found in 
this study. The MR (%) experiment showed less hydrophobicity in the control 
canola fibers than the relative hydrophobicity found in control fibers by contact 
angle measurement. Control cotton fibers are hydrophilic whereas treated fibers 
are hydrophobic (Table 11). Therefore, this study revealed that moisture regain 
experiment is better than contact angle experiment for canola fiber relative hy-
drophilicity measurement. 

4. Conclusion 

The stem diameter did not have any effect on the fiber yield (%). However, 
ANOVA showed that stem diameter had effects on all fiber properties except for 
average length and elongation at break. ANOVA also showed that fiber diameter 
had strong effects on elongation at break, load at break, tensile stress, young’s 
modulus, and aspect ratio. However, tenacity was moderately and contact angle 
was poorly and average length was not influenced by the fiber diameter. Fiber 
diameter was moderately and positively correlated to tenacity and load at break 
whereas fiber diameter was moderately and negatively correlated to tensile stress, 
young’s modulus and aspect ratio observed by corrgram. Mean values showed 
that stem diameter had effects on fiber properties except average length. The 
mean values of elongation at break (%), load at break, tenacity, and contact angle 
(hydrophobicity) were found to be highest and the mean values of tensile stress, 
young’s modulus, and aspect ratio were found to be lowest for 7 - 10 mm stem 
fibers of canola plant. Interestingly, those properties were relatively closed to the 
properties of cotton and jute fibers as well. In most cases, lowest MR (%) was 
found for wide stem fibers of all extractions which showed that fibers collected 
from ≥8 mm stems were relatively more hydrophobic. Contact angle showed 
that 7 - 10 mm stem fibers were relatively more hydrophobic which was some-
what consistent with the moisture regain ability. Considering all those facts, it 
was observed that 7 - 10 mm stem fibers of canola plant were relatively less stiff 
and were able to retain its quality for long time. Overall, this study suggested to 
sort out different qualities of canola fibers of different stem diameters for differ-
ent commercial applications. In future, it would be interesting to observe the 
cellulose and lignin content ratio of canola fibers based on different stems to find 
out the exact reason of the fiber flexibility of 7 - 10 mm stems. 
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