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Comprehensive Comparison Between Mechanical Properties of 
Nanofiber Matrix and Single Nanofibers

Fatemeh Jahanmard-Hosseinabadi and Mohammad Amani-Tehrani*

Abstract- The development of electrospun nanofibers for 
using in different applications requires a comprehensive 
understanding of the mechanical properties of a single 
nanofiber and nanofiber layer. Here, we studied the 
mechanical properties of nanofiber layer and single nanofiber 
of polycaprolactone (PCL)/functionalized multiwall 
carbon nanotubes (F-MWCNTs) composite structures. 
Scanning electron microscopy (SEM) showed morphology 
and diameter of composite nanofibers with various CNT 
concentrations. Moreover, the tensile testing was used for 
measuring mechanical properties of both nanofiber layer and 
single nanofibers by distinct procedures. Our results clearly 
showed that the mechanical properties of single nanofibers 
had a significant difference with those of nanofiber layer. By 
increasing the F-MWCNT concentration up to 3 wt%, Young’s 
modulus and tensile strength of the nanofiber layer increased. 
However, Young’s modulus and tensile strength of single 
nanofiber increased with addition of F-MWCNTs up to 1 wt% 
and further increase in concentration led to a decrease in the 
modulus and tensile strength of single nanofiber.Moreover, 
the toughness and elongation-at-break of the nanofiber layer 
and single nanofiber showed different trends. Taken together, 
considering the mechanical properties of nanofibers in 
different scales, help us to design an appropriate structures 
for various applications.
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I. INTRODUCTION
Electrospinning is a technique for producing micro/
nanofiber layer from a rich variety of natural and synthetic 
polymers, as well as incorporating organic and inorganic 
nanomaterials in polymer fibers [1,2]. High surface-area-
to-volume ratio of electrospun nanofibers made them as 
desired materials for a wide range of applications including 
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tissue engineering [3,4], drug delivery [5,6], filtration [7,8], 
and biosensors [9,10].

For most of these applications, the mechanical properties 
of both nano- and macro-scale play an important role [11]. 
Moreover, tailoring mechanical property of electrospun 
nanofibers is an important step towards designing this 
structure for different applications [12]. 

However, the mechanical properties of nanofiber layer  
are largely predefined by the properties of the single 
nanofibers, other factors such as the interaction of nanofibers 
in the layer, fiber diameters, randomness structure can 
completely change the mechanical behavior of layer [12]. 
These differences show the critical need for mechanical 
characterization of nanofiber layer and single nanofibers. 

Many strategies have been used to improve the 
mechanical properties of the electrospun nanofibers [13]. 
Incorporating inorganic materials is a method that increases 
mechanical properties of composite nanofibers. Carbon 
nanotubes (CNT) are one of the interesting materials 
due to their outstanding mechanical properties which are 
associated with their high aspect ratio [14].

The good dispersion of CNTs in a polymer layer can be 
important to fully utilize their exceptional properties [15,16]. 
The simultaneous functionalization of CNT and sonication 
may be helpful in achieving better CNT dispersion in 
polymer nanofibers. Therefore, the processing method of 
dispersing CNTs is one of the most important steps to obtain 
high-quality mechanical properties of nanofibers [17-19].

We proposed a new method for measuring the 
mechanical properties of PCL single nanofiber in our 
previous work [20]. In our recent work, the mentioned 
method was used for measuring the mechanical properties 
of single nanofiber of PCL with different percentage of 
CNTs. The novelty of this work is focused on the different 
mechanical behavior of single nanofiber and nanofiber 
layer of PCL/CNT composite nanofibers. This difference 
could be interesting in various applications such as tissue 
engineering [21].

For example, the mechanical properties of single 
nanofiber affect the stem cell differentiation, migration 
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and proliferation, although the mechanical properties of 
nanofiber matrix are important for mechanical stability 
of tissues during tissue regeneration [22]. This example 
shows the significance of considering the mechanical 
properties of single nanofiber and nanofiber matrix, 
individually. 

The mechanical properties of polymer/CNT 
composite nanofibers are completely dependent on CNT 
concentrations and dispersion quality [23]. In some cases, 
the higher CNT concentrations led to lower mechanical 
properties. The reason is that higher concentrations of 
CNTs lead to agglomeration of CNTs in nanofibers due 
to the high specific surface area of CNTs [24]. Meng  
et al. showed that 0.5 wt% concentration of CNT had better 
mechanical properties than 5 wt% [25]. However, most of 
the research only focuses on the mechanical properties of 
the nanofiber layers, not single nanofibers. 

Although there are several reports on the examination of 
mechanical properties of PCL/CNT nanofibers, there is no 
report on a comparison between the mechanical properties 
of single nanofiber and nanofiber layer. Here, for the first 
time, the complete comparison was done between the 
mechanical properties of a single nanofiber and nanofiber 
layer by tensile testing.

II. EXPERIMENTAL
A. Materials and Methods
A.1. Preparation of PCL/F-MWCNTs Nanocomposite 
Nanofibers 
A suspension of polycaprolactone (PCL) with 
functionalized-multiwall carbon nanotubes (F-MWCNTs) 
was prepared by dissolving 11 wt% poly(ε-caprolactone) 
(PCL, Mw 80,000; Sigma Aldrich) in chloroform (Merck). 
Then, the different amounts of COOH-multiwall carbon 
nanotubes (F-MWCNTs, >95%, OD 20-30 nm; US 
Research Nanomaterials) were dispersed in methanol 
(Merck) and sonicated by a probe sonicator (Hielscher 
Ultrasound Technology UIP1000hd) for 1 h to obtain a 
homogeneous and black dispersion. Then, the different 
concentrations of F-MWCNTs solutions were added 
dropwise to PCL solutions in a ratio of 1:3 with stirring. 
The final concentrations of F-MWCNTs were 0, 0.1, 
0.5, 1, 2, and 3% with reference to PCL mass in the 
mixture. Before electrospinning, for each trial, the PCL/
F-MWCNTs mixture was sonicated in an ultrasonic bath 
(Elma, Transsonic 460) for 1 h.

A conventional electrospinning process was used for 
fabrication of pure PCL nanofibers and PCL/F-MWCNTs 
nanocomposite nanofibers. Typically, the solutions were 
filled in a 1 mL plastic syringe and then electrospinning 
was performed at a flow rate of 1 mL/h. Indeed, the distance 

between the needle tip and the collector was adjusted to  
17 cm and the solution was stretched under the high voltage 
of 18 kV.  The nanofibers were electrospun in a constant 
temperature of 35 ºC and relative humidity of 35%. The 
random nanofibers were collected on a grounded rotary 
drum and the aligned nanofibers were collected between 
two parallel electrodes. Then the collected nanofibers were 
subsequently dried for at least 3 days under vacuum to 
remove any residual solvents. 

A.2. Characterization
The morphology of the electrospun fiber coated with a 
thin layer of gold was observed by a scanning electron 
microscope (SEM) (Seron Technologies AIS2100, Korea). 
The average fiber diameter and fiber diameter distribution 
were calculated by measuring at least 50 nanofibers in one 
SEM image and five images were used for each layer using 
Image J. The porosity of nanocomposite nanofibers were 
calculated using Eq. (1):

(1)

Where, P is the porosity of layer, ρ is the apparent density 
of layer and ρ¢ the density of polymer materials used 
to fabricate the nanofibers. The apparent density was 
calculated with Eq. (2):

(2)

Where, ρPCL and ρCNT refer to the density of the PCL and 
F-MWCNTs, respectively.

The dispersion of F-MWCNTs in nanofibers was verified 
by transmission electron microscopy (TEM) (FEI Tecnai 
12, Thermosystems-FEI, Eindhoven, the Netherlands)
images. The nanofibers were prepared on grids with a 
Formvar-coated and carbon layer. 
 
A.3. Mechanical Properties 
A.3.1. Mechanical Properties of PCL/F-MWCNTs 
Nanocomposite Nanofibers 
Mechanical properties of the nanocomposite nanofibers 
were obtained by testing rectangular samples with 5 mm 
wide and 20 mm length by using an Instron 5566 universal 
testing machine equipped with a 50 N load cell at a 
crosshead rate of 10 mm/min at ambient conditions. 

A.3.2. Mechanical Properties of PCL/F-MWCNTs Single 
Nanofibers 
Mechanical properties of the electrospun individual single 
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nanofibers were measured by using an Instron 5566 
universal testing machine at a crosshead speed of 1 mm/min  
with a load cell of 50 N. All samples for the tensile test 
were prepared according to our previous report [26].

Briefly, since the mechanical properties of single 
nanofibers could be directly estimated from the 
mechanical properties of aligned nanofiber, two parallel 
electrodes were used for fabrication of aligned nanofibers. 
The nanofibers were separated by rectangular paper  
template from two electrodes, then the nanofibers  
with its template were mounted on the tensile tester 
machine. After this test, nanofibers were separated from the 
template and weighted by Pressley fiber-bundle strength 
tester.

A.4. Statistical Analysis
All quantitative datasets are expressed as mean ± SD. The 
One-Way ANOVA was performed to assess statistically 
significant differences in the results of different 
experimental groups. Values of ***p<0.001, **p<0.01, 
and *p < 0.05 were considered to be significantly different.

III. RESULTS AND DISCUSSION
A. Characterization
Fig. 1 shows the SEM micrographs and diameter 
distribution of PCL/F-MWCNTs composite nanofibers 
in different F-MWCNTs concentrations and different 
orientations (random and aligned). The uniform nanofibers 
were formed without an occurrence of the bead. The fiber 

Fig. 1. Scanning electron microscope (SEM)  images and distributions of fiber diameters of PCL electrospun nanofiber layers and aligned nanofibers with 
different concentrations of F-MWCNTs. 
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distribution graph shows the high variation in nanofiber 
dimeters in both random and aligned layers.

The average fiber diameters of PCL nanofibers 
incorporated with 0.1 wt% to 1 wt% F-MWCNTs were 
smaller than those of PCL nanofibers without F-MWCNTs. 
However, further increase in F-MWCNTs content led to 

the increase of the average diameter of PCL/F-MWCNTs 
composite nanofibers (Fig. 2a). The reason is that the 
electrical conductivity of the solution increased as a result 
of the addition of the F-MWCNTs to the PCL solution. 
Therefore, the polymer solutions with a higher electrical 
conductivity resulted in thinner fibers [25]. On the other 
hand, the viscosity of the composite solutions increased 
upon adding F-MWCNTs into the PCL solution, which 
subsequently led to the formation of fiber with a thicker 
diameter [27]. Consequently, the formation of thinner 
nanofibers in this study resulted from enough solution flow 
and high electrical conductivity of the polymer solution 
due to the presence of 0.1 wt% to 1 wt% F-MWCNTs. 
Nevertheless, increasing the F-MWCNT concentration 
led to higher viscosity and subsequently thicker nanofiber 
diameter.  

Fig. 2b shows that the average fiber diameters in aligned 
composite nanofiber layer are decreased with F-MWCNT 
concentration up to 1 wt% and then increased. In addition, 
the results show a similar trend for random nanofiber.

Fig. 3a reveals that F-MWCNTs are in alignment with 
the nanofiber axis at F-MWCNT concentration more than 
1 wt%. This means that F-MWCNTs were completely 
dispersed in the polymer solution. Moreover, Fig. 3b shows 
that F-MWCNTs are agglomerated due to the high specific 
surface area of CNTs at F-MWCNT concentration more 
than 2 wt%.

B.1. Mechanical Properties of Individual Single PCL/F-
MWCNTs Fiber
To measure the mechanical properties of single nanofiber, 
the samples were prepared as shown in Fig. 4 according to 
previous work by the authors [26]. Briefly, the mechanical 
properties of single nanofibers could be directly estimated 
from the mechanical properties of the completely aligned 

Fig. 3. TEM images of composite nanofibers containing: (a) 1 wt% F-MWCNTs and (b) 2 wt% F-MWCNTs.

(b)
Fig. 2. Average fiber diameter of: (a) random nanofiber and (b) aligned 
nanofiber with various concentrations of F-MWCNTs (*P < 0.05).

(a)
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nanofiber that was preferentially produced by two parallel 
electrodes with a defined fiber orientation index.

The surface area of the neatly aligned nanofiber layer 
(where the voids between the nanofibers were neglected) 
was determined by the density-based method (Eq. (3)):

(3)

Where, W and L0 represent the weight and length of the 
nanofiber sample, respectively, and ρ is the density of 
composite material (PCL/MWCNTs). The ρ was calculated 
with Eq. (2). In the following, the young modulus of the 
nanofiber layer is obtained by Eq. (4):

(4)

Where, F is the force exerted on the nanofibers under 
tension, A is the cross-sectional area of nanofiber through 
which the force is applied, ΔL defines the length change of 
nanofibers, and L0 is the original length of the nanofibers.

According to a previous report by the authors [26], 
Young’s modulus of single nanofibers could be directly 
estimated from the modulus of an aligned nanofiber. 
Whereas the probability density function of all electrospun 
aligned nanofibers in this experiment is a Cauchy 
distribution, Young’s modulus of a single nanofiber can be 
calculated by Eq. (5):

(5)

Where, ET is Young’s modulus of an aligned nanofiber, ES 
is Young’s modulus of single nanofiber, γ and θ refer to the 
scale factor of the Cauchy distribution and the orientation 

angle of the nanofibers in the layer, respectively.
Fig. 5 shows the relationship between the scale 

parameter and orientation index of aligned nanofibers at 
different F-MWCNT concentrations for measuring the 
single nanofiber modulus.

Fig. 6 shows that the relation between the standard 
deviation of the Cauchy distribution and orientation index 
is linear and Eq. (6) is obtained from the best-fitted line to 
orientation index of the aligned nanofiber.

The orientation index could be obtained directly from 
the orientation j plugin in order to determine the scale 
factor.

(6)

Where, γ is the scale factor of fitted Cauchy distribution 
and Oi is the orientation index of nanofibers.

As shown in Table I, Young’s modulus of single 
nanofibers increases with increasing F-MWCNTs up to 
1 wt%. Thus, PCL with 0.5 wt% to 1 wt% F-MWCNTs 
exhibited the maximum modulus. The good dispersion of 
F-MWCNTs in the polymer layer provided a more uniform 
stress distribution and minimized the presence of stress-
concentration centers. The good dispersion also increased 
the interfacial area needed for stress transfer from the 
polymer layer to the F-MWCNTs [25]. Subsequently, 
further increasing the filler content (2 and 3 wt%) led to 
a decrease in the PCL/F-MWCNT nanofiber modulus 
because the nanomaterials have high surface energy and 
are more susceptible to aggregation [28].

C. Comparison Between Mechanical Properties of 
Nanofiber Layer and Single Nanofibers
In addition to the single nanofiber mechanical properties, 
the interaction between nanofibers in the fibrous layer  
can also contribute to the mechanical properties of the  

Fig. 4.  SEM images of aligned PCL/F-MWCNT nanofibers with: (a) 0, (b) 0.1, (c) 0.5, (c) 1, (e) 2, and (f) 3 wt% F-MWCNT concentration, and (g) tensile 
test set-up for prepared aligned nanofiber samples. 
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            (a)     (b)
Fig. 6. (a) Probability density function of aligned nanofiber and (b) linear correlation between orientation index and the standard deviation of the fitted density 
function. 

Fig. 5. Orientation angle histograms of aligned nanofiber with different F-MWCNT concentrations and fitted Cauchy distribution.
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layer [29]. 
The stress-strain curves shown in Fig. 7 were used to 

characterize the mechanical performance of the nanofiber 
layer and single nanofiber.

Table II shows methods used for nanofiber preparation 
as well as measuring and calculating the mechanical 
properties of the nanofiber layer and single nanofiber.

Figs. 8a and 8b show Young’s modulus and tensile 
strength trends for single nanofibers and nanofiber layer. 
The Young’s modulus and tensile strength of the nanofiber 
layer increased when the F-MWCNT concentration 
was increased. However, Young’s modulus and tensile 
strength of a single nanofiber increased with increasing 
F-MWCNTs up to 1 wt% and then decreased. In addition, 
Figs. 8a and 8b show higher tensile strength and modulus 
for single nanofibers compared to those for nanofiber layer. 
This is likely due to the random orientation of the nanofiber 
layer. Therefore, in this case, more than single nanofiber 
modulus, the cohesion between nanofibers at nanoscale 
contact point could change the mechanical behavior of the 
nanofiber layer [29].

Figs. 8c and 8d reveal that the toughness and strain 
for the nanofiber layer were higher than those for single 
nanofibers. Moreover, the toughness and strain for the 
nanofiber layer increased with increasing F-MWCNTs 
up to 2 wt% and then decreased. The single nanofiber 
toughness increased with with increasing F-MWCNTs up 
to 1 wt% and then decreased. However, the strain of single 
nanofiber increased when the F-MWCNT concentration 

was increased. The strain and toughness of the nanofiber 
layer were higher than those of single nanofiber. The reason 

  Orientation index

(%)

 Scale parameter

(%)
 
E

T

(MPa)
 Es

(MPa)

PCL 80.93±5.1 2.89±0.77 344.02±27.28 362.13±27.28

F-MWCNT 0.1 90.49±6.9 1.38±0.28 415.89±42.57 424.37±42.57

F-MWCNT 0.5 77.77±7.5 3.38±0.38 434.94±46.37 457.83±46.37

F-MWCNT 1 73.21±7.5 4.10±0.31 444.91±43.11 473.3±43.11

F-MWCNT 2 64.01±5.1 5.55±0.85 353.57±43.33 371.57±43.33

F-MWCNT 3 77.37±5.2 3.45±0.23 277.61±35.80 292.22±35.80

TABLE I
YOUNG’S MODULUS OF INDIVIDUAL SINGLE PCL NANOFIBER AS A FUNCTION OF F-MWCNT CONTENT

(b)
Fig. 7. Representative tensile stress-strain curves for the electrospun PCL/
F-MWCNT composite nanofibers and individual single nanofiber with 
various F-MWCNT concentrations.

(a)

Nanofiber layer (random nanofiber) Single nanofiber

Preparation methods Rotary drum (rpm:400) Two parallel electrodes (aligned nanofiber)

Mechanical tests Tensile tester  (Instron) Tensile tester (Instron)

 Methods for calculating the
mechanical properties

Density-based method (DBM)  Density-based method (DBM) for obtaining ET

and Eq. (5) for calculating Es.

TABLE II
METHODS FOR PREPARATION AND MECHANICAL ANALYSIS OF NANOFIBER LAYER AND SINGLE NANOFIBER
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is that existing fibers in nanofiber layer due to random 
orientation tried to reorient themselves in the applied force 
direction and subsequently they elongated more than single 
nanofibers.

Comparison between the mechanical properties of the 
PCL/F-MWCNT nanofiber layer and single nanofiber 
showed that the addition of F-MWCNTs into the PCL 
influenced the mechanical properties of the composite 
nanofibers. As a nanofiller, F-MWCNTs with a lower 
concentration (0.1–1 wt% F-MWCNTs) could disperse in 
the PCL polymer matrix very well and transferred the stress 
from the layer to the CNT. This led to better mechanical 
properties for single nanofiber. This reinforcement could 
be associated with the excellent intrinsic properties 
of the carbon nanotube, the uniform dispersion of the 
F-MWCNTs in the PCL layer and the interactions between 
the F-MWCNT nanofillers and polymer layer [25,28]. By 
adding more than 1 wt% of F-MWCNTs, the nanofillers 
became agglomerate and the mechanical properties of 
single nanofiber decreased. Nevertheless, the mechanical 
properties of the layer improved once the F-MWCNT 

concentration increased. The different trend in the 
mechanical properties of single nanofiber and nanofiber 
layer with increasing F-MWCNT concentration may be 
due to the randomness structure of nanofibers in the layer, 
cohesion among nanofibers at contact points and variation 
in the nanofiber diameters [25]. 

IV. CONCLUSION
In this study, PCL/F-MWCNT composite nanofibers 
with various percentage of F-MWCNTs were fabricated 
by electrospinning. A comprehensive comparison was 
done between the mechanical properties of the nanofiber 
layer and single nanofibers of composite structures. The 
comparison between composite nanofibers with various 
concentration of F-MWCNT demonstrated that the 
mechanical properties of the nanofiber layer and single 
nanofibers had significant differences. Because more 
than mechanical properties of single nanofibers, other 
factors such as fiber diameters, randomness structure, and 
interaction between nanofibers can affect the mechanical 

Fig. 8. Mechanical properties of PCL/F-MWCNT composite nanofibers: (a) Young’s modulus, (b) ultimate tensile strength, (c) toughness, and (d) strain for 
composite nanofiber layer and individual single nanofibers with various F-MWCNT concentrations.
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properties of the layer. In conclusion, tailoring mechanical 
properties of both single nanofibers and nanofiber layeris 
the main step towards designing the desired substrate for a 
different application.
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