
fbioe-09-626433 March 30, 2021 Time: 11:25 # 1

ORIGINAL RESEARCH
published: 06 April 2021

doi: 10.3389/fbioe.2021.626433

Edited by:
Eben Alsberg,

University of Illinois at Chicago,
United States

Reviewed by:
Ahmed El-Fiqi,

Dankook University, South Korea
Monica Mattioli-Belmonte,

Marche Polytechnic University, Italy

*Correspondence:
Michael H. Santare
santare@udel.edu

Luca Cristofolini
luca.cristofolini@unibo.it

Specialty section:
This article was submitted to

Biomaterials,
a section of the journal

Frontiers in Bioengineering and
Biotechnology

Received: 05 November 2020
Accepted: 08 March 2021

Published: 06 April 2021

Citation:
Sensini A, Santare MH,

Eichenlaub E, Bloom E, Gotti C,
Zucchelli A and Cristofolini L (2021)

Tuning the Structure of Nylon 6,6
Electrospun Bundles to Mimic
the Mechanical Performance

of Tendon Fascicles.
Front. Bioeng. Biotechnol. 9:626433.

doi: 10.3389/fbioe.2021.626433

Tuning the Structure of Nylon 6,6
Electrospun Bundles to Mimic the
Mechanical Performance of Tendon
Fascicles
Alberto Sensini1, Michael H. Santare2,3* , Emily Eichenlaub3, Ellen Bloom3, Carlo Gotti4,
Andrea Zucchelli1,4 and Luca Cristofolini4,5*

1 Advanced Applications in Mechanical Engineering and Materials Technology – Interdepartmental Center for Industrial
Research (CIRI-MAM), Alma Mater Studiorum-Università di Bologna, Bologna, Italy, 2 Department of Mechanical
Engineering, University of Delaware, Newark, DE, United States, 3 Department of Biomedical Engineering, University
of Delaware, Newark, DE, United States, 4 Department of Industrial Engineering, Alma Mater Studiorum-Università di
Bologna, Bologna, Italy, 5 Health Sciences and Technologies – Interdepartmental Center for Industrial Research (CIRI-HST),
Alma Mater Studiorum-Università di Bologna, Bologna, Italy

Tendon and ligament injuries are triggered by mechanical loading, but the specific
mechanisms are not yet clearly identified. It is well established however, that the
inflection and transition points in tendon stress-strain curves represent thresholds that
may signal the onset of irreversible fibrillar sliding. This phenomenon often results
in a progressive macroscopic failure of these tissues. With the aim to simulate and
replace tendons, electrospinning has been demonstrated to be a suitable technology
to produce nanofibers similar to the collagen fibrils in a mat form. These nanofibrous
mats can be easily assembled in higher hierarchical levels to reproduce the whole tissue
structure. Despite the fact that several groups have developed electrospun tendon-
inspired structures, an investigation of the inflection and transition point mechanics
is missing. Comparing their behavior with that of the natural counterpart is important
to adequately replicate their behavior at physiological strain levels. To fill this gap, in
this work fascicle-inspired electrospun nylon 6,6 bundles were produced with different
collector peripheral speeds (i.e., 19.7 m s−1; 13.7 m s−1; 7.9 m s−1), obtaining different
patterns of nanofibers alignment. The scanning electron microcopy revealed a fibril-
inspired structure of the nanofibers with an orientation at the higher speed similar to
those in tendons and ligaments (T/L). A tensile mechanical characterization was carried
out showing an elastic-brittle biomimetic behavior for the higher speed bundles with
a progressively more ductile behavior at slower speeds. Moreover, for each sample
category the transition and the inflection points were defined to study how these points
can shift with the nanofiber arrangement and to compare their values with those of
tendons. The results of this study will be of extreme interest for the material scientists
working in the field, to model and improve the design of their electrospun structures and
scaffolds and enable building a new generation of artificial tendons and ligaments.

Keywords: electrospinning, nanofibers, nylon 6,6 bundles, tendon fascicles, bioinspired structures,
biomechanical modeling
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INTRODUCTION

Tendons and ligaments (T/L) have a complex and multiscale
fibrous structure (Kastelic et al., 1978; Kannus, 2000; Goh
et al., 2014). In particular, the nanometric collagen type I fibrils
(diameter 50–250 nm) are the building blocks of this hierarchical
arrangement (Kannus, 2000). Scaling up the T/L structure,
bunches of collagen fibrils group together aligning their axis in
the direction of the whole tissue longitudinal axis, producing
the typical T/L fascicles (diameter range from few tens up to
hundreds of micrometers) (Kastelic et al., 1978; Kannus, 2000;
Murphy et al., 2016). The mechanical behavior of intact and
injured T/L tissue is related to deformation on these various
scales, but the exact mechanisms are still not completely clear.

Collagen fibers are the main providers of structural stiffness
and strength in tendons and are predominately, but not perfectly,
aligned in the axial, load-bearing direction of the tissue. This
alignment explains the highly anisotropic properties of tendon
tissues. Lynch et al. (2003) found the modulus of both the toe-
region and linear region to be two orders of magnitude greater in
the fiber-aligned direction and the Poisson’s ratio to be six times
greater for loading in the direction of the fibers than transversely.
However, some degree of off-axis alignment or crimping of these
fibers explains the non-linearity seen in the early portions of
their stress-strain curves. The toe-region of the stress-strain curve
has low stiffness since the fibers are not perfectly aligned and
the stiffness increases as the fibers become more aligned under
load (Silver et al., 2000; Hansen et al., 2002; Weiss et al., 2002;
Lake et al., 2009). The multiscale strain transfer is also dependent
on the orientation of fibers. Han et al. (2013) observed strain
heterogeneity within native tissue from the tissue to the cellular
level. The strain transfer between the tissue level, micro-scale
level and cellular level experience about 11–15% attenuation.

Lee et al. (2017) conducted quasi-static, in vitro, mechanical
testing on rat tail tendon fascicles to investigate the multiscale
mechanisms of damage. Each tendon fascicle was randomly
assigned to an initial 2, 4, 6, or 8% strain. The subsequent
deformation to failure was recorded under a confocal microscope
while transition strain, inflection point strain and linear modulus
at the tissue-level were measured. They concluded that the
inflection point of the stress-strain curve corresponded to the
damage threshold and that interfibrillar sliding was the micro-
mechanism associated with that damage. This damage resulted
in a decrease in stiffness and an elongation of the toe region
in the stress-strain response of the tendon. Creep testing of
human Achilles tendon showed that time to failure and applied
stress were not correlated. However, time to failure was inversely
correlated to the initial strain (Wren et al., 2001).

Effectively replacing the tendon structure when a severe
injury occurs requires an improvement of the prosthetic devices
and scaffolds currently on the market (Chen et al., 2014).
Among the several techniques currently used to regenerate and
replace (R/R) these tissues, electrospinning appears to be the
most promising (Bosworth and Downes, 2011; Gomes et al.,
2015). The key feature of this technology is its ability, using
high electrostatic fields, to stretch polymeric solutions, thereby
obtaining nanometric fibers similar to the collagen fibrils of

the tendon’s extracellular matrix (Sensini and Cristofolini, 2018;
Sensini et al., 2021). Moreover, by tuning the process parameters,
the shape and structure of the electrospinning drum collector
as well as its rotational speed, it is possible to obtain three-
dimensional structures (i.e., bundles or yarns) similar to those
in tendon fascicles (Ramakrishna et al., 2005; O’Connor and
McGuinness, 2016). Electrospun bundles and yarns of axially
aligned nanofibers have been shown to mimic the natural
tissue mechanics as well as to promote cellular infiltration
and extracellular matrix production (Bosworth et al., 2013;
Domingues et al., 2016; Pauly et al., 2017; Sensini et al., 2017,
2018c). Focusing on the total replacement of the injured tissue,
the electrospun nylon 6,6 has demonstrated a suitable structure
and mechanics for this purpose (Sensini and Cristofolini, 2018,
Sensini et al., 2019a). Moreover, nylon 6,6 is a widely-employed
biomaterial in clinical applications, such as suture wires or
implantable non-resorbable devices (Maitz, 2015; Krysiak et al.,
2020). Past studies have focused on the average stiffness and
failure properties of artificial tissue surrogates. In this study, we
focus on the biomechanically-relevant stress-strain behavior in
the physiological strain range corresponding to the toe region up
to the inflection point.

MATERIALS AND METHODS

Materials
Nylon 6,6 pellets, kindly provided by DuPont (Wilmington,
DE, United States), were dissolved in a trifluoroacetic acid
(TFA) (Carlo Erba, Milan, Italy) and acetone (AC) (Sigma
Aldrich, St. Louis, MO, United States) mixture, obtaining the
following solution: 15% (w/v) solution of Nylon 6,6 dissolved in
TFA:AC = 50:50 (v/v).

Electrospun Bundles Preparation
To electrospin nanofibers similar to the tendon collagen fibrils
(mean diameter = 0.1–0.3 µm) (Kannus, 2000; Goh et al.,
2014), a commercial electrospinning machine (Spinbow srl,
Bologna, Italy) equipped with a linear sliding spinneret and a
rotating drum collector (length = 405 mm, diameter = 150 mm)
was used. To easily detach the nanofibers mats, the drum
was covered with a sheet of polyethylene (PE) coated paper
(Turconi S.p.A, Ceriano Laghetto, Italy). Four metallic needles
(inner diameter = 0.84 mm) were fed, through PTFE tubes,
by four syringes carrying the polymeric solution with a flow
rate of 0.5 ml h−1 controlled by a syringe pump (KD Scientific
200 series, IL, United States). The needles where fixed on a
sliding spinneret with a linear excursion of 100 mm, along
the drum axis, and with a speed of 1,500 mm min−1.
The needle-to-collector distance was set at 160 mm with an
applied voltage of 20 kV. All the electrospinning sessions
were carried out at a temperature of 21–23◦C and a relative
humidity of 20–30%.

To investigate the variations in nanofiber alignment and
mechanical properties, a different drum peripheral speed and
electrospinning time was set for each sample category: (A)
19.6 m s−1 (drum rotation = 2,500 rpm) for 3 h; (B) 13.7 m s−1
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FIGURE 1 | Schematic representation of the electrospinning procedure for the bundle production: (A) 2,500 rpm; (B) 1,750 rpm; and (C) 1,000 rpm. (I) Mats of
nanofibers were electrospun on the rotating drum collector at different speeds. (II) The mats were cut in stripes and rolled on the drum and (III) pulled off the drum
obtaining ring-shaped bundles.

(1,750 rpm) for 2 h; (C) 7.9 m s−1 (1,000 rpm) for 2 h. At the
end of the process, 6–8 µm thick nanofibrous mats were obtained
(Figures 1AI–CI, 2A). The thickness of the mats was obtained
by 72 measures along the mats’ length using a digital indicator
[ALPA, Pontoglio (BS), Italy].

In order to reproduce the tendon fascicles (mean
diameter = 400–600 µm) (Kannus, 2000; Goh et al., 2014),
bundles of nanofibers were prepared by following a previously
reported procedure (Sensini et al., 2017, 2018b, 2019a,b).
Briefly, the mats described above were cut in stripes following
the circumference of the drum collector. The stripes were
then manually rolled (Figures 1AII–CII, 2B,C) and pulled
off from the drum, obtaining ring-shaped bundles (mean
diameter = 450–650 µm) (Figures 1AIII–CIII, 2D).

Morphological Characterization
The bundle surfaces were gold-sputtered to be investigated with
a Scanning Electron Microscope at 10 kV (SEM, Phenom Pro-
X, PhenomWorld, Eindhoven, Netherlands). The opensource
software ImageJ (Liu, 1991) was used to measure the diameters
of 200 nanofibers, for each bundles category. The nanofiber
diameter distribution was investigated considering 200 measures
from each bundle category (based on SEM images with a
magnification of 15,000×). The bundle diameters were measured
with an optical microscope (Axioskop, Zeiss, Pleasanton, CA,
United States) equipped with a camera (AxioCam MRc, Zeiss,
Pleasanton, CA, United States) and are reported as mean and
standard deviation of 20 measures. We evaluated the nanofiber
orientation with the Directionality plugin of ImageJ (Schindelin
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FIGURE 2 | Series of images showing the procedure for a ring-shaped bundle preparation: (A) mat of nanofibers electrospun on the rotating drum collector; (B) a
stripe of the mat that was wrapped up on the drum; (C) the ring-shaped bundle just wrapped on the drum is visible on the left, while the rest of the mat, ready for
being wrapped, is still on the right; and (D) ring-shaped bundle pulled off the drum (scale bars = 50 mm).

et al., 2012; Schneider et al., 2012). This approach allowed us to
quantify the number of nanofibers within a given angle range
from the axis, using a Local Gradient Orientation method,
following a previously validated procedure (Sensini et al., 2018a).
For each sample category the analysis was performed on five
images (magnification = 8,000×). Each ring-shaped bundle was
weighed with a precision scale (MC210P, Sartorius, Gottingen,
Germany) and reported as the mean and standard deviation
of three measurements. The total length of each bundle was
evaluated using ImageJ on high resolution photos of the

specimens and reported as the mean and standard deviation of
three measurements. To evaluate the porosity of the bundles, the
volume fraction (ν) of each specimen was evaluated considering
the following equation:

ν =
w

L · A · ρ
(1)

where w is the weight of the specimen, L is length of the specimen,
A is the cross-sectional area of the specimen, ρ is the density of the
raw material (Nylon 6.6 = 1.14 g/cm3). The percentage of porosity
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FIGURE 3 | Schematic of critical data derived from the Tanaka et al. (2011) analysis of the low-strain portion of the stress-strain curve. Inflection point, is where the
curve transitions from stiffening to softening. Transition point, is where the curve transitions from an exponential curve to a linear curve. Modulus, is the slope of the
curve between the transition and inflection point.

for each sample category was evaluated considering the following
equation (mean and standard deviation of n = 12 specimens for
each category):

Porosity = (1− ν)× 100. (2)

Mechanical Characterization
The mechanical characterization of the bundles was conducted
on a testing machine (Mod. 4465, Instron, Norwood, MA,
United States) equipped with a ± 100 N load cell (Instron,
Norwood, MA, United States). Twelve samples from each
rotation speed were tested. The 2,500 rpm bundles had an average
gauge length of 221.4 mm, the 1,750 rpm of 223.5 rpm while the
1,000 rpm bundles were 224.8 mm. The slightly different lengths
of the bundles were caused by the prestretch of the fibers that
was higher at higher rotational speeds. The tests consisted of
a monotonic ramp to break (consistent with the ASTM D1414
Standard), in displacement control, where the crosshead speed
was adjusted according to the sample length to reach a nominal
strain rate of 0.33% s−1. Each specimen was immersed 2 min
in PBS before the test. The ring shape of the bundles was
exploited to load them between custom-made capstan grips to
reduce the stress concentrations (see Supplementary Material)
(Sensini et al., 2019a).

As a first step, the force-displacement data were converted
to engineering stress-strain graphs based on the nominal cross-
sectional area of the specimens. To compare the current samples
to previously manufactured bundles and other tendon surrogates,
the following mechanical properties were evaluated; yield stress
(σY ), yield strain (εY ), elastic modulus (E), failure force (FF),
failure stress (σF), failure strain (εF), unit work to yield (WY ), and

unit work to failure (WF). The results of this analysis appear in
the Supplementary Material section.

To evaluate the biomechanically-relevant behavior in the low
strain portion of the stress-strain response, the curves were
analyzed to determine the inflection point of the curve (σI), (εI),
the transition point from the toe region to the linear region (σT),
(εT) and the slope in the linear region (EL). The inflection point
is defined as the point where the stress-strain curve shifts from
strain-stiffening to strain-softening. The transition point is where
the toe region ends and the linear region begins. A MATLAB
routine was developed for curve fitting and quantification of these
parameters. As a first step, the csaps function was used to fit a
cubic smoothing spline to the data. The smoothing parameter
in the csaps routine was set to 0.7, to ensure smooth first and
second derivative curves. The inflection point was then found by
locating the zero point of the second derivative (Lee et al., 2017),
and the inflection strain (εI) and stress (σI) were identified for
that point (Figure 3).

Then, the σ-ε data below the inflection point was fit to a
piecewise constitutive model to determine the transition point
and linear region slope, using the technique of Tanaka et al.
(2011). The model assumes an exponential fit below the transition
point (stress, σT , and strain, εT) a linear modulus, EL, from the
transition point to the inflection point and a continuous slope at
the transition point as shown in Equation (3),

σ =

{
A[exp (Bε)− 1],∀ε ≤ εT
EL (ε− εT)+ σT,∀ε>εT

}
(3)

where A and B are empirical constants. Note that since the model
requires a continuous slope at the transition point, the curve
is fully characterized by selection of the parameters (A, B, and
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FIGURE 4 | SEM investigation of the (A) cross-section (magnification = 200×; scale bar = 100 µm) and the (B) body (magnification = 260×; scale bar = 100 µm) of
the electrospun bundles at: (I) 2,500 rpm, (II) 1,750 rpm and (III) 1,000 rpm.

εT). The fmincon function in MATLAB was used to optimize the
parameters in the equation to minimize the mean square error
between the model and the data.

Statistical Analysis
To investigate the significance of the difference of distribution
of diameters of the nanofibers between the 2,500, 1,750, and
1,000 rpm bundles (n = measures per sample category) a
Kolmogorov–Smirnov test was used. The statistical significance
of differences among the mechanical properties for the 2,500,
1,750, and 1,000 rpm bundles (n = 12 per sample category)
were assessed with a one-way ANOVA test followed by a Tukey’s
post hoc.

RESULTS

Morphology of the Nanofibers and
Bundles
To mimic the tendon fibrils and fascicles (Kannus, 2000; Goh
et al., 2014), electrospun bundles of nylon 6,6 nanofibers obtained
with different peripheral speeds of the drum collector were
compared. The SEM investigation (Figures 4, 5A,B) revealed
that the bundle sections and the nanofibers were homogeneous,
smooth, continuous, and with no defects such as beads.

The nanofibers of the 2,500 rpm bundles had a diameter of
0.21± 0.05 µm, the 1,750 rpm had a diameter of 0.23± 0.06 µm
and the 1,000 rpm had a diameter of 0.24 ± 0.06 µm (see
Figure 5C for the nanofibers diameter distribution). These are
in the range of diameters for natural tendon fibrils (Kastelic et al.,
1978; Kannus, 2000). The Kolmogorov–Smirnov test confirmed

that the distributions of diameter of the nanofibers for the
different samples families were different (p < 0.05). The mat
thickness for the 2,500 rpm samples was 7 ± 1 µm, for the
1,750 rpm samples, 6 ± 1 µm and for the 1,000 rpm samples,
8 ± 2 µm. The diameter of the bundles for the 2,500 rpm was
613 ± 56 µm (length = 443 ± 4 mm), for the 1,750 rpm was
516 ± 24 µm (length = 447 ± 1 mm) while for the 1,000 rpm
was 499 ± 35 µm (length = 450 ± 2 mm). These are in the
range of diameters for natural tendon fascicles (Kastelic et al.,
1978; Kannus, 2000; Goh et al., 2014). An increasing shrinkage
of the nanofibers and bundles was noted passing from the
1,000 rpm to the 2,500 rpm. The weight of the bundles for the
2,500 rpm samples was 42.6 ± 3.77 mg (ν = 0.29 ± 0.04), for
the 1,750 rpm samples, 27.2 ± 2.75 mg (ν = 0.3 ± 0.02) and for
the 1,000 rpm samples, 20.7 ± 2.23 mg (ν = 0.2 ± 0.02). This
resulted in a decreasing porosity (when the nanofibers anisotropy
was increased). The porosity for the bundles at 1,000 rpm was
79.3± 1.56%, for the bundles at 1,750 rpm, 74.5± 1.74% and for
the bundles at 2,500 rpm, 71.0± 4.04%.

Orientation of the Bundles Nanofibers
The directional analysis carried out on the bundles showed a
progressive decrease in the axial orientation of the nanofibers,
passing from the 2,500 rpm to the 1,000 rpm, with a progressive
increase in the circumferential scatter (Figure 5D). In fact, for the
2,500 rpm bundles the amount of nanofibers oriented in the range
0◦–12◦ from the bundle’s axis was 57%, for the bundles spun at
1,750 rpm 45% of the nanofibers were in the range 0◦–12◦, while
for the 1,000 rpm 28% were in the range 0◦–12◦. Conversely,
the amount of nanofibers close to the circumferential direction,
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FIGURE 5 | Morphological investigation of the bundles nanofibers. SEM images of the nanofibers at (I) 2,500 rpm, (II) 1,750 rpm, and (III) 1,000 rpm acquired at
different magnifications: (A) 8,000× (scale bar = 10 µm); (B) 15,000× (scale bar = 5 µm). (C) Diameter distribution of the nanofibers in terms of percentage for the
different ranges of diameters for the 2,500 rpm (blue bars), 1,750 rpm (orange bars), and 1,000 rpm (green bars). (D) Orientation analysis of the nanofibers in which
an angle of 0◦ corresponds to the longitudinal axis of the specimen while an angle of 90◦ corresponds to the circumferential direction. The directionality histograms
show the distribution in terms of percentage (mean and standard deviation) of nanofibers for the different ranges of angles for the 2,500 rpm (blue bars), 1,750 rpm
(orange bars), and 1,000 rpm (green bars).

i.e. in the range 78◦–90◦ from the bundle’s axis, was 2% for
the 2,500 rpm bundles; for the bundles at 1,750 rpm 4% of the
nanofibers were in the range 78◦–90◦, and for the bundles at
1,000 rpm 8% were in the range 78◦–90◦.

Mechanical Properties of Bundles
Focusing on the early portion of the stress-strain curves,
we applied the analysis described in section “Mechanical
Characterization” to determine the transition point of the curves,
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FIGURE 6 | Mechanical behavior of the different bundles categories: (AI) overlay of the typical stress-strain curves; (AII) zoom-in up to the inflection points; (AIII)
zoom-in up to the transition points. Comparison between the mechanical properties of the bundles: (B) linear region modulus; (C) transition strain; (D) transition
stress; (E) inflection strain; and (F) inflection stress. The mean and standard deviation are represented for each group. The statistical significance of differences is
indicated (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p < 0.0001, and ns, not significant).

the inflection point and the slope of the region between the two,
referred to here as linear region modulus (EL). For a comparison
with previously published studies, the “classical” parameters
(stress, strain and work to yield and failure) are reported in the
Supplementary Material.

The results are shown in Figure 6 and the statistical
analysis is shown in Table 1. The values for the modulus
were all statistically different (1,000 rpm, 1.1 ± 0.23 MPa;
1,750 rpm, 2.7 ± 0.49 MPa; 2,500 rpm, 4.4 ± 0.78 MPa).
The transition strain for the three sets of bundles were all
around 3% (1,000 rpm, 2.8 ± 0.25%; 1,750 rpm, 3.4 ± 0.36%;
2,500 rpm, 3.1 ± 0.37%) with the only significant statistical
difference being between the values for 1,000 and 1,750. However,

the differences in transition stresses between groups were all
statistically significant (1,000 rpm, 1.9 ± 0.53 MPa; 1,750 rpm,
4.6 ± 1.2 MPa; 2,500 rpm, 6.5 ± 1.6 MPa). The variations
in inflection point showed similar behavior, with the inflection
strain, being similar among the different groups, (1,000 rpm,
4.5 ± 0.19%; 1,750 rpm, 5.4 ± .40%; 2,500 rpm, 5.4 ± 0.54%)
but the inflection stress, being quite different (1,000 rpm,
3.8 ± 0.79 MPa; 1,750 rpm, 10.3 ± 1.18 MPa; 2,500 rpm,
17.4± 3.9 MPa).

The transition strains for 1,000 and 2,500 rpm were not
significantly different (p = 0.0684) as well as the inflection strain
between 1,750 and 2,500 rpm (p = 0.9997). All other values were
significantly different between groups (Table 1).
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DISCUSSION

Aiming to understand how the nanofibrous arrangement of
electrospun nylon 6,6 prosthetic structures can be tuned to mimic
the mechanical behavior of tendon fascicles at physiological levels
of stress-strain, innovative nanofibrous bundles were produced
with three different collector peripheral speeds.

Despite the different drum rotations, the nanofibers of all
the bundles resulted in homogeneous, smooth, continuous fibers
with the absence of defects such as beads. The mean cross-
sectional diameter of the nanofibers was in the range of 0.21–
0.24 µm (Figure 5C), in the same range as that of human
tendon fibrils reported in literature (Kastelic et al., 1978; Kannus,
2000; Goh et al., 2014). The Kolmogorov–Smirnov test confirmed
that the differences in the rotational speed contributed to the
differences in the diameters of the nanofibers for the different
sample families.

We have shown that by altering the processing parameters,
electrospinning has the flexibility to create tendon surrogate
materials with a range of material properties in the early,
physiologically-important region of the stress-strain curve. It
would be valuable to compare the properties of the nylon
structures with those of natural tendon tissue. However, the
variability of testing protocols in the literature makes this
difficult. Perhaps more importantly, few papers report the
parameters evaluated in the current study (i.e., inflection point,
transition point, and modulus of the portion in between). But
there are a few studies that focus on these parameters in rat
tendon. Lee et al. (2017) studied the effects of damage on the
inflection point, transition point, and modulus of rat tail tendon
and later Lee and Elliott (2019) looked at the same parameters
for rat plantaris tendon. These tests were conducted under a
different protocol that the stress-strain tests in the current study.
Most notably, Lee et al. (2017) preconditioned the tendon sample
before testing, while we did not. In addition, the strain rates used
were three times higher (1% s−1 for vs. 0.33% s−1). Even though
these tests followed a different protocol than the testing done

TABLE 1 | Statistical significance of differences between the sample categories in
terms of linear region modulus, transition strain, transition stress, inflection strain,
and inflection stress.

2,500 vs.
1,750 (rpm)

2,500 vs.
1,000 (rpm)

1,750 vs.
1,000 (rpm)

ANOVA 1 (Tukey’s post hoc)

EL ****
(P < 0.0001)

****
(P < 0.0001)

****
(P < 0.0001)

εT *
(P = 0.0330)

ns
(P = 0.0684)

****
(P < 0.0001)

σT *
(P = 0.0015)

****
(P < 0.0001)

****
(P < 0.0001)

εI Ns
(P = 0.9997)

****
(P < 0.0001)

****
(P < 0.0001)

σI ****
(P = 0.0001)

****
(P < 0.0001)

****
(P < 0.0001)

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p < 0.0001. ns, not significant.

in the current study, it is interesting to compare the numerical
values for the listed parameters.

Lee et al. (2017) reported transition strain and stress for
undamaged, rat tail tendon fascicles in the range of 1.5–1.7% and
4.9–5.3 MPa, respectively. For the inflection strain and stress,
they reported 2.2–2.4% and 12–16 MPa, respectively. While the
stress values are in the ranges reported in the results section for
the nylon structures, the strain values are lower by a factor of
two. In addition, the modulus for the undamaged rat tail tendon
fascicles was in the range 870–980 MPa, which is a factor of two
higher than the highest average modulus of the nylon samples
reported in the results. Interestingly, the modulus reported in Lee
and Elliott (2019) for rat plantaris tendon is in the range of 250–
335 MPa, similar to the nylon, but the transition and inflection
points are all much higher (p = 9.5–10%; q = 9 − 13 MPa;
εI = 15–16%; σI = 25–34 MPa).

The orientation analysis of the nanofibers showed that
increasing the speed of the collector, for each increment, 1,000 to
1,750 to 2,500 rpm, a similar increase of the fraction of nanofibers
in the range 0◦–3◦ (i.e., axially aligned) of about 6%. For the same
conditions, in the range of 87◦–90◦ (i.e., nearly circumferential)
a progressive decrease of about 0.6% was noted. The higher
degree of alignment noted for the 2,500 rpm bundles (range 0◦–
12◦ of 57%) showed a similar arrangement to natural tendon
collagen fibrils reported in literature (Provenzano and Vanderby,
2006; Sivaguru et al., 2010; Rouède et al., 2017). The progressive
axial orientation of the nanofibers inside the bundles, also
caused a slight shrinkage of the nanofibers, reducing the overall
length of the bundles from the nominal drum circumference by
approximately the 4.5% for the 1,000 rpm, 5.1% for the 1,750 rpm
and 6% for the 2,500 rpm. The reduction of the nanofiber
shrinkage and the increase in the porosity of the bundles, passing
from the 2,500 rpm to the 1,000 rpm, also caused a reduction of
the related volume fraction of the bundles of approximately 13.8
%, from the 2,500 rpm to the 1,750 rpm, and an additional 24.1%
from the 1,750 rpm to the 1,000 rpm. These data were consistent
with the previous literature (Sensini et al., 2019a).

To reach a faithful biomimicry of the natural tissues,
a bioinspired morphology has to guarantee adequate
biomechanical properties. The main advantage of using
electrospun bundles of aligned nanofibers, is their non-linear
mechanical behavior, similar to tendon (Goh et al., 2014; Murphy
et al., 2016; Sensini and Cristofolini, 2018). This biomimetic
mix between structure and mechanics makes this electrospun
structure particularly suitable to mimic the tendon fascicles
(Bosworth et al., 2014; Pauly et al., 2016; Laranjeira et al.,
2017; Sensini and Cristofolini, 2018; Sensini et al., 2019a).
All the different bundles showed a well-defined toe region,
caused by the progressive recovery from the crimped state
of the low friction nylon 6,6 nanofibers after the removal
from the drum (Gotti et al., 2020). The bundles also showed
a progressive shift from a brittle (at 2,500 rpm bundles) to an
increasingly ductile behavior (at 1,750 and 1,000 rpm) (Figure 6
and Supplementary Material). This phenomenon caused a
statistically significant reduction of the failure force from the
2,500 rpm to the 1,750 rpm of 35.9% (P < 0.0001) and of
61.7% (P < 0.0001) from the 2,500 rpm to the 1,000 rpm. The
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force loss caused a small reduction (not significant) in the
failure stresses between the 2,500 rpm σF = 23.9 ± 5.94 MPa
and the 1,750 rpm σF = 21.5 ± 2.35 MPa (P = 0.3046) and
a significant reduction at 1,000 rpm σ = 13.7 ± 2.33 MPa
(P < 0.0001) (see Supplementary Material). However, all these
stress values are in the range of human tendon fascicles such
as the iliopsoas (σF = 4.7–29.8 MPa) or the Achilles (σF = 12–
37.9 MPa) tendons (Hanson et al., 2012). Concerning the failure
strains, the progressive loss of anisotropy of the nanofibers, due to
the reduced drum speed, caused statistically significant increases
of their values between the 2,500 rpm εF = 6.73 ± 0.73%, the
1,750 rpm εF = 13.8 ± 3.68% (105% increment; P = 0.0006)
and the 1,000 rpm εF = 31.9 ± 6.15% (374% increment;
P < 0.0001). The failure strains of the different bundles were in
the wide range of those reported in literature ranging between
human patellar tendon (εF = 5–60%), iliopsoas (εF = 14.8–
24.9%) and Achilles (εF = 9.4–19.8%) (Butler et al., 1986;
Hanson et al., 2012; Goh et al., 2014; Murphy et al., 2016). The
elastic modulus of the bundles showed a statistically significant
decrease (P < 0.0001) between the axial orientation and the more
randomic arrangement of the nanofibers (Figure 6). In particular
for the 2,500 rpm case, the elastic modulus was E = 486± 94 MPa,
for the 1,750 rpm, it was E = 288± 47 MPa (decrement of 40.7%)
and for the 1,000 rpm and it was E = 113 ± 25 MPa (decrement
of 76.7%). These values resulted in the same range as the human
tendon fascicle of the iliopsoas (E = 39.9–232.6 MPa), Achilles
(E = 138.2 ± 426 MPa) (Hanson et al., 2012). These results
were in line with the previous studies carried out on nylon 6,6
electrospun materials (Yao et al., 2014; Sensini and Cristofolini,
2018, Sensini et al., 2019a).

CONCLUSION

From the manufacturing point of view, we have shown
that we can mimic the physiologically-relevant early-strain
portion of natural tendon fascicle stress-strain behavior through
electrospinning. In fact, we were able to obtain similar transition
and inflection stresses and strains, as well as linear-region
modulus. By matching several of these nylon 6,6 bundles together
it will be also possible to increase the multiscale complexity of
the overall structure, obtaining hierarchical devices suitable to

mimic the whole structure and mechanics of tendon (Sensini
et al., 2018a, 2020, 2019a,b). The same approach can be used
to tune the manufacturing parameters using other materials,
such as PLA and collagen, to obtain resorbable scaffolds and
prosthetic devices.
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