Materials & Design 242 (2024) 113015

terials

BESEN

Contents lists available at ScienceDirect

Materials & Design

FI. SEVIER

journal homepage: www.elsevier.com/locate/matdes

Check for

Bi-material nanofibrous electrospun junctions: A versatile tool to mimic the [&&s
muscle-tendon interface

Alberto Sensini ™, Riccardo D’Anniballe ¢, Carlo Gotti“, Gregorio Marchiori , |
Gianluca Giavaresi ¢, Raffaella Carloni ¢, Maria Letizia Focarete "#, Andrea Zucchelli >

& Department of Industrial Engineering, Alma Mater Studiorum - Universita di Bologna, Bologna, Italy

Y CTR and cBITE Departments, MERLN Institute for Technology-Inspired Regenerative Medicine, Maastricht University, Maastricht, the Netherlands

¢ Bernoulli Institute for Mathematics, Computer Science and Artificial Intelligence, Faculty of Science and Engineering, University of Groningen, Groningen, the
Netherlands

4 Advanced Mechanics and Materidls, Interdepartmental Center for Industrial Research (CIRI-MAM), Alma Mater Studiorum, Universita di Bologna, Bologna, Italy
€ Surgical Sciences and Technologies, IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy

f Department of Chemistry’ G. Ciamician’ and INSTM UdR of Bologna, Alma Mater Studiorum, Universita di Bologna, Bologna, Italy

8 Health Sciences and Technologies - Interdepartmental Center for Industrial Research (CIRI-HST), Alma Mater Studiorum-Universita di Bologna, Bologna, Italy

ARTICLE INFO ABSTRACT

Keywords:

Electrospinning

Myotendinous junction
Bioinspired junctions
Polyurethane and nylon 6.6
microCT

Mechanical tensile and cyclic tests

Soft robotics aims to replicate the structure and mechanics of skeletal muscles. The challenge lies in seamlessly
integrating these muscle-inspired soft actuators with the joints they intend to actuate, resembling the natural
connection between muscles and tendons (i.e., myotendinous junction). This study addresses this issue by pro-
ducing electrospun bundles of aligned nanofibers using a thermoplastic polyurethane, mimicking the muscle
fascicle, and nylon 6.6 for the tendon one. A novel method was developed to create electrospun bi-material
bundles with two different types of myotendinous-inspired junctions, called flat and conical. Scanning elec-
tron microscopy and microtomography analyses confirmed that conical junctions mimicked natural myotendi-
nous structures better than flat ones. Tensile mechanical tests demonstrated that bi-material junctions reached
stress at failure comparable to polyurethane bundles (11 + 2 MPa), with the conical junction showing stiffness
(0.13 £ 0.02 N/mm) and net elastic modulus (153 + 10 MPa) values closer to the natural myotendinous ones.
Cyclic tests verified the mechanical stability of junctions and their ability to dampen nylon 6.6 hardening over
time. Moreover, all bundles withstood cyclic loading without breaking. These findings suggest the potential of
biomimetic electrospun junctions for applications in soft robotics, marking a significant step toward advancing
this field.

1. Introduction biomimetic load transfer, low weight, limited dimensions, and tunable

stiffness [3]. Examples include advanced surgical instruments, orthotic

In recent years, soft robotics has received increasing attention due to
its primary focus on designing biomimetic actuators capable of gener-
ating movements and replicating natural muscles’ elasticity and tunable
stiffness [1,2]. These structures enable a better adaptation and interac-
tion with the environment than traditional rigid robots. Various soft
actuators have been developed, such as pneumatic artificial muscles,
dielectric elastomer actuators, shape memory alloys, and hydraulic ac-
tuators [1,2]. However, a specific need within soft robotics has emerged,
aiming to replicate the complex hierarchical and fibrous structure of the
biological actuator par excellence, the animal skeletal muscle [3]. These
linear soft actuators hold significant appeal for applications that demand
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devices, exoskeletons, and bio-inspired robots [4]. Despite the prom-
ising results in this regard, a fundamental question is still open on how to
properly connect these soft actuators to the joint to place in movement.
The smooth and contractile skeletal muscles play a pivotal role in daily
movements in the animal body, but their forces are transmitted to the
related bones through tendons.

While skeletal muscles, with their smoothness and contractility, are
the physical actuators of the animal kingdom, tendons, as complex
collagenous ropes, are the stiff and elastic responsible for the muscular
force transmission to the related bone segments [5]. Even if these two
tissues have a similar fibrous hierarchical structure, their composition is
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totally different. Skeletal muscles mainly comprise fiber-like poly-
nucleated cells (myofibers) that embed several parallel fibrillar units
(myofibrils) structured in repeated linear sections, named sarcomeres.
These structures are composed, in turn, of fibrous protein chains (actin
and myosin) that, sliding over each other, generate muscular contrac-
tion [6]. Bunches of axially aligned myofibers generate the muscular
fascicles that, grouped by a collagenous fibrous membrane (epimysium),
constitute the muscle belly [7]. From the tendon side instead, while
having a similar fibrous hierarchical arrangement compared to the
muscles, the composition is entirely different. Tendons are extracellular
matrix-based tissues, mainly composed of axially aligned collagen Type I
fibrils and less amounts of elastin and proteoglycans [8]. Generally, each
skeletal muscle lives between two tendons that are connected, in turn, at
the related bony side. The muscle-to-tendon interface, called myo-
tendinous junction (MTJ), is a complex continuous tissue gradient that
reduces mechanical stress concentration [9]. The structural and me-
chanical differences between muscles and tendons require the design of
a unique interface: the muscle contraction is intracellular, while the
ECM that gives the tendon its strength is extracellular [10].

Morphologically speaking, the MTJ is not a simple three-dimensional
interface between tissues, but the muscle and tendon tissues meet
throughout an interface zone, creating a network of interdigitating tis-
sue fibers. This arrangement produces a larger surface area for the
adhesion of these tissues [11]. The increased surface area and the
gradient of tissue composition allow a smooth transition in mechanical
impedance and stresses. This compliant-to-stiff tissue decreases the risk
of stress concentrations, protecting the MTJ and the surrounding tissues
from potential injuries during daily life movements [11]. Looking at the
microscale, the interdigitate projections of myofibers and fascicles at the
MTJ often assume conical shapes [11]. This configuration is strategic to
confer to the MTJ a gradient of mechanical properties passing from the
tendon to the muscle tissue [12].

In the last decades, researchers have focused on trying to mimic,
simulate, replace, and separately regenerate (also for soft-robotics pur-
poses [3]) the muscle [13-16] and the tendon [17-20] tissue. In this
context, electrospinning is one of the most efficient and effective tech-
niques to regenerate and mimic muscles and tendons [3,21].

Electrospinning can scale up the production of biomimetic scaffolds
and actuators for muscles and tendons by producing nanometric fibers,
mimicking their extracellular matrix arrangement [21-23]. In terms of
materials, polyurethane (PU) [24-27] has emerged as a viable option to
mimic the softness, compliance, flexibility, and high tensile strain that
are necessary for artificial muscles [26,28,29]. Similarly, nylon 6.6 (NY)
[30-32] was widely investigated in the electrospinning field to mimic
the mechanical performances of the tendon tissue, in particular its
stiffness. Moreover, both NY and PU were widely investigated in soft
robotics also for their electrostrictive properties [3,33], making these
materials of high interest in the production of soft actuators.

In soft robotics, the movement of bodies is realized using rigid cables
[34,35], acting as tendons and actuators, resembling muscles. The
junction between the cable and the actuator is one of the most critical
points for this actuation system due to the intense concentrations of
stress that can cause its failure [36]. A reasonable way to mitigate the
risk of ruptures is to make the junction between the actuator and cable
similar to the natural MTJ. Only a few studies in this field focused on the
reproduction of MTJ [11]. Ladd et al. attempted to replicate this com-
plex interface by producing electrospun 2D mats with gradients of
electrospun random nanofibers of different materials [37]. Despite the
promising results, they did not obtain a continuous transition of axially
aligned nanofibers as at the natural MTJ, but only random-to-aligned
nanofibers. However, this configuration is far from to the organization
of the natural tissue of MTJ that is thought to connect aligned-to-aligned
patterns of fiber structures (i.e. myofibers and collagen fibrils). Other
groups successfully realized mats with regions of random-to-aligned
nanofibers (primarily for tendon/ligament-to-bone regeneration
[21,38]). More recently, Tindell and co-authors developed a very
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preliminarily magnetic-based method to produce random-to-aligned
mats of electrospun fibers with different patterns for the regeneration
of the enthesis tissue [39]. However, they were not able to match
different materials together in separate regions or confer a controlled 3D
structure to the scaffold. It is possible to conclude that a procedure to
realize 3D aligned-to-aligned continuous junctions of nanofibers is still
an open and hot challenge both for soft robotics and tissue engineering
applications. Moreover, scaling up these electrospun structures to
recreate an entire tendon-muscle fascicle unit remains unexplored.
Thus, the need emerges for soft robotics and tissue engineering fields to
develop artificial muscles and their related force transmitters (the ten-
dons) and a valid strategy to connect them like the MTJ.

This study designs a versatile and unique workflow to produce bio-
mimetic muscle-to-tendon interfaces for soft robotic systems entirely
based on a single electrospinning process. By producing nanometric
highly aligned fibers, electrospinning can scale up the production of
muscles and tendons [21-23]. NY was chosen for the tendon side, while
PU for the muscle one. Two different designs of artificial MTJ were
realized, overlapping electrospun NY and PU mats at the MTJ with
different geometries, rectangular or parallelogram-like. Mats were then
rolled up, obtaining continuous biomimetic muscle-tendon fascicle-
inspired bundles with their MTJs. Mats employing a rectangular over-
lap resulted in a flat interface, while the mats with a parallelogram-like
geometry in a conical interface. Nanofibers, bundles, and junctions were
characterized with scanning electron microscopy (SEM) and micro-
computed x-ray tomography (microCT), while the bundles’ mechani-
cal properties were investigated using tensile and cyclic tests.

2. Materials and methods
2.1. Materials

Poly[4,4-methylenebis(phenyl  isocyanate)-alt-1,4-butanediol/di
(propylene glycol)/polycaprolactone], a PU constituted by hard seg-
ments of 4,4-methylenebis(phenyl isocyanate) (MDI) and polyether-
ester soft segments, was purchased from Merck (Darmstadt, Germany).
Tetrahydrofuran (THF, 99.9 %) and N,N-Dimethylformamide (DMF,
99.8 %) were supplied by Merck and mixed with PU, obtaining the
following solution: 25 % (w/v) solution of PU dissolved in THF:DMF =
70/30 (v/v). Nylon 6.6 pellets, provided by DuPont (Zytel E53 NC010,
Wilmington, USA), were dissolved in a trifluoroacetic acid (TFA) (Carlo
Erba, Milan, Italy) and acetone (AC) (Sigma Aldrich, Saint-Louis, USA)
mixture, obtaining the following solution: 15 % (w/v) solution of Nylon
6.6 dissolved in TFA:AC = 50:50 (v/v).

2.2. Electrospun bundles preparation

A commercial electrospinning machine (Spinbow srl, Bologna, Italy)
equipped with a linear sliding spinneret with four needles and a rotating
drum collector was used to produce nanofibers. Four syringes carrying
the polymeric solution fed the needles through PTFE tubes. The flow rate
was controlled by a syringe pump (KD Scientific 200 series, Illinois,
USA). The needles, connected to a high-voltage generator, were moun-
ted on a spinneret that could slide horizontally at 1500 mm/min for both
solutions. Instead, the drum collector rotated at 2500 rpm (peripheral
speed = 20 m/s). The drum was covered with polyethylene (PE) coated
paper (Turconi S.p.A, Ceriano Laghetto, Italy) to detach the nanofibrous
mats easily. All the processes were carried out at room temperature and
30 - 40 % relative humidity.

Aiming to reproduce the structure of MTJ [9] (Fig. 1A), muscle and
tendon fascicle-inspired bundles were produced separately at first. To
simulate the muscle myofibrils (mean diameter up to 1 pm [40]), PU
electrospun nanofibers were obtained, according to a procedure adapted
from [25], by applying the following conditions: applied voltage = 23
kV; feed rate = 0.3 ml/h; needles-collector distance = 180 mm; needles
inner diameter = 0.51 mm; sliding spinneret excursion = 180 mm (along
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Fig. 1. MTJ structure and fabrication of bundles. A) Structure of the MTJ. B) Fabrication of the RBPU: BI) PU nanofibers electrospun on the high-speed drum
collector; BII) mat cut in stripes and rolled up to obtain the bundles; BIII) bundles pulled out from the drum, obtaining RBPU. C) Fabrication of the RBNY: CI) NY
nanofibers electrospun on the high-speed drum collector; CII) mat cut in stripes and rolled up to obtain the bundles; CIII) bundles pulled out from the drum, obtaining
RBNY. D) Fabrication of bundles with junctions: DI) NY nanofibers electrospun on the high-speed drum collector; DII) mat cut in five stripes; DIII) stripes cut and
covered with the rectangular paper masks to obtain flat junctions; DIV) PU nanofibers electrospun on the high-speed drum collector; DV) masks removed and stripes
rolled up; DVI) bundles removed from the drum obtaining RBFJ; DVII) NY stripes cut and covered with the trapezoidal paper masks to obtain conical junctions; DVIII)
PU nanofibers electrospun on the high-speed drum collector; DIX) masks removed and stripes rolled up; DX) bundles removed from the drum obtaining RBCJ.

the collector), for a total of 1.30 h of electrospinning. To mimic the
muscle fiber/fascicles (mean diameter = 500-600 pm [3]), mats were
cut into strips of 35 mm and rolled up to obtain ring-shaped bundles of
PU (RBPU) (Fig. 1B).

To obtain tendon fibril-inspired nanofibers (mean diameter up to
300 nm) NY nanofibers were electrospun by applying the following
conditions (adapted from [32,41]): applied voltage = 22 kV; feed rate =
0.5 ml/h; needles-collector distance = 160 mm; needles inner diameter
= 0.84 mm; sliding spinneret horizontal excursion = 100 mm, for a total
of 1.30 h of electrospinning. To mimic the tendon fascicles (mean
diameter approximately 300 pm [8]), mats were cut in strips of 35 mm
along the circumference and rolled up to obtain ring-shaped bundles of
NY (RBNY) (Fig. 1C). Combining the previous procedures by electro-
spinning firstly NY and then PU, it was possible to produce bundle with
two different materials along its length. Moreover, two junction shapes,
consisting of a physical overlap of NY and PU mats, were realized to
evaluate their effect on the mechanical behavior of the composite

bundle.

The first electrospinning process with NY (1.30 h with the parame-
ters described above) produced the material for the tendon-like part of
the bundle. The NY mat was cut into 35 mm-wide strips along the drum’s
circumference. Only five evenly spaced strips were kept, while the
others were removed. Two paper masks (size = 62.5 x 35 mm) were
taped over each NY strip on opposite sides of the drum (Fig. 1DIII), fixed
with stripes of paper tape, to cover the mat sections that form the tendon
section alone. On both sides of each paper mask, a 20 x 35 mm portion of
NY mat was left uncovered, and the rest was removed. These uncovered
rectangular portions form the NY component of the MTJ. A second
electrospinning process with PU (1.30 h with the parameters described
above) formed the fibrous portion related to the muscle (Fig. 1DIV). At
the end of the process, the PU mat was kept only along the five strips
identified above, leaving two sections of each strip of pure PU, four parts
(the MTJ) consisting of the overlap of NY-PU, and two of NY nanofibers
only. These bi-material mat stripes were obtained after removing the
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paper masks protecting the NY, and the PU nanofibers remained on them
as well, after having gently cut the PU stripe along the paper tape.
Rolling up the strips resulted in bi-material ring-shaped bundles with
four flat junctions each (RBFJ) (Fig. 1DIII-DVI).

Similarly, the conical junctions were obtained by placing trapezoidal
masks (long base = 77.5 mm; short base = 47.5 mm; height = 35 mm) on
the NY mats, leaving two extra sides of 20 mm each outside the masks
and connecting them with a diagonal cut. In this way, the same overlap
area of NY and PU nanofibers was achieved for both types of bi-material
bundles, but in this latter case assuming the shape of a parallelogram.
Then, ring-shaped bi-material bundles were formed by rolling up the
mat from right to left and creating a conical junction (RBCJ) (Fig. 1DVII-
DX) with PU nanofibers penetrating the NY ones, simulating the MTJ.
This method allowed to obtain bundles with equal amounts of PU and
NY.

2.3. Morphological characterization

2.3.1. SEM investigation

Specimen surfaces were observed on gold sputter-coated samples
with SEM (Phenom Pro-X, Thermo Fisher Scientific, Waltham, MA,
USA). ImageJ [42] was used to measure 200 diameters of NY and PU
nanofibers and to investigate their distribution. The nanofibers’ orien-
tation was evaluated using the Directionality plugin of ImageJ [43]. This
approach allowed estimating the number of nanofibers within a given
angle from the main axis using a Local Gradient Orientation method,
following a previously validated procedure [32,44]. The analysis was
performed on five images (magnification: PU = 3000x; NY: 8000x) of NY
and PU bundles. The nanofibers’ orientation was considered equal for all
the samples since the rotational speed and the electrospinning param-
eters were maintained constant for all the samples under investigation.
The diameter of RBNY and RBPU bundles were calculated with an op-
tical microscope (Axioskop, Zeiss, Pleasanton, CA, USA) equipped with a
camera (AxioCam MRc, Zeiss, Pleasanton, CA, USA), and data were
provided as the mean and standard deviation of 10 measures. For the
RBFJ and RBCJ, the same procedure was performed along their length in
both the NY, PU, and junction sides. After the end of cyclic tests, an
additional SEM investigation, with the same methodology described
above, was performed on RBNY, RBPU, RBCJ, and RBFJ to investigate
the nanofibers diameters distribution and the overall structure of junc-
tions. Moreover, a post-test orientation analysis was also performed as
previously described (but using 8000x images both for PU and NY).

2.3.2. MicroCT investigation

Bundles (pure NY, pure PU, flat and conical junctions) were scanned
in a microCT (Skyscan 1172, Bruker, Belgium) at a nominal resolution of
9 um of voxel size employing no filter and with an applied x-ray tube
voltage of 40 kV. The scan orbit was 180° with a rotation step of 0.2°.
Image reconstructions were carried out with a modified Feldkamp al-
gorithm using the SkyScanTM NRecon software accelerated by GPU.
Moreover, a ring artifact reduction was applied. The 8-bit scans of the
samples were imported in Skyscan CT-Analyser (CT-An) software to
separate between NY (less X-ray opaque) and PU (more X-ray opaque)
on the grey scale distribution (i.e., thresholding), to highlight them with
different colors. Specific grey scale ranges were identified for NY (range:
30-130) and PU (range: 130-250) by looking at the 255 grayscale levels
of the scans. Noise objects were removed from the binarized image by
the despeckle operation. Volume-rendered 3D images were generated
using an RGBA transfer function in Skyscan CT-Voxel (CT-Vox) software
driven by the previous CT-An thresholding.

2.4. Calorimetric characterization
Differential Scanning Calorimetry (DSC) was performed using a TA

Instruments Q2000 DSC apparatus equipped with a Refrigerated Cooling
System (RCS90). Samples were subjected to a first heating scan in the
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temperature range —30 to 300 °C at a rate of 20 °C/min, followed by a
quench cooling to —30 °C and a second heating scan at 20 °C/min to
300 °C.

2.5. Water contact angle

The water contact angle (WCA) was assessed at RT with a KSV CAM
101 instrument. 5 pl droplets of distilled water were employed for these
measurements. The temporal evolution of the side profiles of water
droplets placed on the surface of mats of aligned nanofibers was recor-
ded within a time span of 0-30 s. Three droplets for each mat of pure NY
and PU were analysed.

2.6. Mechanical characterization

2.6.1. Tensile tests to failure

The mechanical tensile characterization of the electrospun bundles
(n = 5 for each sample category) was carried out with a material testing
machine (Mod. 4465, Instron, Norwood, USA) with a & 100 N load cell
(Instron, Norwood, USA). The test machine worked under displacement
control using a monotonic ramp to failure with a strain rate of 0.33 %/s.
Bundles were tested using dedicated capstan grips (consistent with the
ASTM D1414 Standard) (see Fig. S1A and Fig. 4A) and room tempera-
ture and humidity (RTH). To mimic the typical working scenario of the
muscle-tendon tissue, the NY sides of the RBFJ and RBCJ were placed
around the capstan. The bundles gauge length was: RBPU = 187 + 3
mm, RBNY = 222 + 1 mm, RBFJ = 202 + 4 mm, RBCJ = 208 + 1 mm.
The weight of the samples was calculated using a precision balance (AS
60/220.R2, Radwag, Pol) and expressed as the mean and standard de-
viation of three measurements.

The force-displacement curves were converted to stress—strain
graphs using two different approaches. In the first one, the apparent
stress (c64) was calculated by dividing the force by the cross-sectional
area of the specimen measured before the test, whereas in the second
one, the net stress (oy) was used to determine the mechanical properties
of the specimen independently from their porosity.

For RBFJ and RBCJ, the mean diameter and density were calculated
by weighting the average on the surface area of NY and PU present on
each stripe before the rolling-up phase, as follows:

Prerrscs = (0.628 X pyy) +(0.372 X ppy) = 1.165g/cm® 1

drsryrscs = (0.628 x dyy) + (0.372 x dpy) &)

where 0.628 (i.e., 62.8 %) is the normalized surface before the
rolling up of RBFJ and RBCJ covered by NY nanofibers, and 0.372 (i.e.,
37.2 %) is the normalized surface before the rolling up, covered by PU
nanofibers. Being a property of the bulk material, the density of RBFJ
and RBCJ (prars|racy) keeps a constant value (i.e., ppy = 1.18 g/cm3; PNY
=1.14 g/cm3), whereas the diameter of the RBFJ and RBCJ (drgrs|rBCs)
was calculated for each different sample.

The net stress was calculated by dividing the apparent stress by the
specimens’ volume fraction (v). The volume fraction (v) was calculated
by using the equation:

v=w/(LXAXp) 3)

where w is the weight of the specimen, L is the total length of the
specimen, A is the cross-sectional area of the specimen and p is the
density of the materials that constitute the bundles. The volume fraction
also allowed the calculation of the percentage porosity of bundles [32]
as follows:

Porosity(%) = (1 —v) x 100 @

The following indicators were considered: yield stress (oy), yield
strain (ey), elastic modulus (E), yield force (Fy), failure force (Fg), failure
stress (of), failure strain (ep), stiffness (K), unit work to yield (Wy), unit
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work to failure (Wg). The unit work to yield and failure were evaluated
with the trapezoid method.

2.6.2. Cyclic tests

The cyclic mechanical characterization of bundles was conducted at
RTH on a testing machine (ElectroPuls E1000, Instron Norwood, USA),
working in displacement control. Due to the different stiffnesses of the
tested bundles, two load cells with different load capacities were used.
Specifically, the testing machine was equipped with a = 5 N load cell
(Instron, Norwood, MA, United States) for RBPU, RBFJ, and RBCJ, while
a £ 2 kN load cell (Instron, Norwood, MA, United States) was used for
RBNY. The ring-shaped bundles were loaded between two dedicated
custom-made 3D printed capstan grips (see Fig. S1B), that reduce stress
concentrations. The cross-sectional area of the specimens (for RBFJ and
RBCJ in the NY and PU regions) was evaluated as mean + SD of 10
measurements using a digital microscope (m7915mztl 5 mega-pixel,
Dino-Lite, AnMo Electronics Corp, Taipei, Taiwan). Their weights
were compared as mean + SD of 3 measurements using a precision
balance (Kern ABT 100-5NM Analytical Balance). The specimens (n = 5
for each category) were tested with a pre-designed cyclic test that con-
sists of the following steps:

i) Loading phase: the bundles were loaded at 0.33 %/s up to reach
the peak of displacement set for each sample category (see next
point).

ii) Cycle phase: the cyclic cyclic tests were performed by applying a
sinusoidal load with a 5 mm amplitude (this value was chosen to
cycle along the whole linear region of the different bundles) at 1
Hz frequency for 10,000 cycles. This package of cycles was car-
ried out by using upper and lower limits for the values of
displacement delimiting the elastic region of the previously
defined sample categories. These values were identified with the
results of the preliminary tensile test for each different sample
category (see Section 3.4.1).

iii) Unloading phase: bundles were fully unloaded at 0 N after the
10,000 cycles and started immediately with the following
package.

10 packages of 10,000 cycles were performed for a total of 100,000
cycles. Also in this case the force-displacement data were converted to
apparent and net stress—strain graphs (see Section 2.6.1). The maximum
and minimum peaks of force (Fp max, Fp min) and stress (apparent and
net) (Gap MAX> OAP MIN> ONP MAX> Onp MiN) Of the bundles were monitored
during the complete cyclic tests and then showed as mean =+ SD of all the
specimens per each sample category. In the graphs, the total unloading
phase at the end of each package was not reported to increase their
readability. Moreover, the following mechanical data were also
extracted:

i) To monitor the settling of the elastic modulus of bundles during
different packages of cycles, for each sample, the elastic modulus was
evaluated (linear regression of the last 500 points of the curve) in the
first loading phase of each of the 10 packages (see Fig. S2).

ii) The incremental deformation of bundles after each package was
evaluated after each first loading phase, except for the first package,
in which the bundles were still not deformed by the cyclic test.
Specifically, after being fully unloaded at the end of the unloading
phase, the bundles were loaded again in the loading phase of the
following package (see Fig. S2). The new length 1, of the bundles at
the n + 1 loading phase will be:

ln+l = ln + Al (5)
where Al is the stretching caused by the loading phase n. By dividing for

the bundles’ initial length 1, the equation can be rewritten in terms of
strain e:
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€ni1 = En + Ag (6)

where Ae corresponds to the bundles’ deformation over cycles, and it
can be monitored with the stress—strain data: after being fully unloaded
in the loading phase n, the stress of the n + 1 loading phase was equal to
zero until the bundle was tensed again (stress higher than zero) at a
certain value of strain as shown in Fig. S2. This value of strain was
monitored for all the initial loading phases of the n + 1 packages. The
evolution of the deformation during the n + 1 packages was fitted with
the exponential decay equation:

y = ae” @

where y corresponds to the deformation and x to the loading phases.

i) The mean stiffness (Kiean) and elastic modulus (Epean) between all
the bundles for each sample were evaluated every 1000 cycles inside
each package, with a linear regression of the loading curve of the
selected cycles.

ii) The loss of work (apparent and net) (Wjos) of bundles during the
cyclic tests was evaluated every 1000 cycles inside each package as
the value of the cycle of hysteresis, described as the difference be-
tween the maximum work under the (apparent and net) stress—strain
curves during the loading phase and the work under the curve of the
unloading phase (both calculated with the trapezoid methods).

2.7. Statistical analysis

The significance of differences of the apparent and net tensile me-
chanical properties of the different categories (n = 5 for each) was
assessed with an ANOVA 1 with a Tukey post hoc (ns p > 0.05, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Instead, the com-
parison between the apparent and net tensile mechanical properties of
the same sample categories (i.e. RBPU, RBNY, RBFJ, and RBCJ) was
assessed with a ratio-paired parametric t-test. Moreover, the significance
of differences of the apparent and net cyclic mechanical properties,
during each package, between the different sample categories was
assessed with an ANOVA 1 with a Tukey post hoc (ns p > 0.05, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

3. Results and discussion
3.1. Morphology of bundles — SEM

The SEM investigation revealed that all the PU and NY bundles’
nanofibers as spun (before cyclic tests = BC) were homogeneous,
smooth, continuous, and with no defects, such as beads. The diameter
(d) of PU nanofibers was dpypc = 0.91 + 0.34 pm with a marked
waviness (Fig. 2A, 2M), similar to the skeletal muscles myofibrils
[7,40,45] and in line with other studies on electrospun PU nanofibers
[46-48]. Notably, some groups of PU nanofibers appeared stuck
together (Fig. 2B). The NY nanofibers instead, had a diameter of dyy.sc
= 0.24 £+ 0.05 um with a reduced waviness and fully separated each
other (Fig. 2B and 2M), mimicking the tendon collagen fibrils [8,49].
Similarly, RBPU, RBNY, and the PU and NY sides of RBFJ and RBCJ,
resembled the skeletal muscle fibers-fascicles [7,40,45] and the tendon
collagen fascicles [8,49].

All the bundles were homogeneous with a diameter of the RBPU and
the PU side of the bi-material bundles of 605 + 20 um (Fig. 2D), while
for RBNY and the NY side of the bi-material bundles, it was 350 + 4 ym
(Fig. 2C). The RBFJ had a mean diameter of 501 + 22 um (Fig. 2G) while
the RBCJ of 513 + 29 pm (Fig. 2H).

After the removal from the drum collector (drum circumference 471
mm), all the bundles showed different percentages of shrinkage,
strongly dependent on the PU side of bundles, which was 21 + 1 % for
the RBPU, 5.6 + 0.3 % for RBNY, 14 + 2 % for the RBFJ and 12 4+ 0.4 %
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Fig. 2. SEM and microCT investigations on bundles. A) NY nanofibers (magnification = 10000x, scalebar = 8 pm); B) PU nanofibers (magnification = 10000x,
scalebar = 8 pm); C) Typical RBNY and NY side of bi-material bundles (magnification = 600x, scalebar = 100 pm); D) Typical RBPU and PU side of bi-material
bundles (magnification = 380x, scalebar = 200 pm); E) Cross-section of RBFJ (magnification = 300x, scalebar = 200 pm); F) Cross-section of RBCJ (magnifica-
tion = 300x, scalebar = 200 pm); G) Overview of RBFJ at the junction side (magnification = 260x, scalebar = 150 pm); H) Overview of RBCJ at the junction side
(magnification = 260x, scalebar = 150 pm); I) Zoom-in of the cross-section of a RBFJ (magnification = 750x, scalebar = 100 pm); J) Zoom-in of the layers of the
cross-section of a RBFJ (magnification = 4000x, scalebar = 20 pm); K) Zoom-in of the cross-section of a RBCJ (magnification = 1000x, scalebar = 80 pm); L) Zoom-in
of the layers of the cross-section of a RBCJ (magnification = 4500x, scalebar = 10 pm); M) Diameter distribution of NY and PU nanofibers; N) Orientation of the
nanofibers of NY and PU of bi-material bundles (axial orientation = 0°; transversal orientation = 90°); O) MicroCT of RBCJ (NY: grey, PU: orange); P) MicroCT of
RBCJ internal volume (NY: grey, PU: orange); Q) MicroCT transversal sections of a conical junction (NY: grey, PU: orange); R) MicroCT transversal sections of a flat
junction (NY: grey, PU: orange); S) MicroCT of RBFJ internal volume (NY: grey, PU: orange); T) MicroCT of RBFJ (NY: grey, PU: orange) (for all microCT images

scalebar = 500 pm).

for the RBCJ; reaching a final length of 374 + 6 mm for the RBPU, 445
4+ 2 mm for the RBNY, 403 4+ 8 mm for the RBFJ and 416 &+ 2 mm for the
RBCJ.

The weight of bundles was 49 + 2 mg for the RBPU, 12 + 1 mg for
the RBNY, 44 + 3 mg for the RBFJ, and 43 + 4 mg for the RBCJ, while
the volume fraction (v) was 0.39 =+ 0.02 for the RBPU, 0.24 =+ 0.02 for
the RBNY, 0.48 + 0.05 for the RBFJ and 0.44 + 0.08 for the RBCJ. The
porosity of bundles instead was 61 + 2 % for the RBPU, 76 + 2 % for the
RBNY, 52 + 5 % for the RBFJ, and 56 + 8 % for the RBCJ.

As expected, the directionality analysis on the PU and NY nanofibers
of bundles (Fig. 2N) revealed a preferential axial orientation with a
biomimetic dispersion on the transversal side. This behavior was
consistent with muscle myofibrils and collagen fibrils in muscle and
tendon fascicles [7,50]. In particular, the PU nanofibers aligned in the
range 0° — 18° was 59 + 2 %, and 5.0 + 0.6 % were oriented in the
range 78° — 90°. Conversely, the NY nanofibers oriented in the range
0° — 18° was 72 + 3 % while just 2.2 + 0.3 % were found in the range
78° — 90°. These results were consistent with the higher shrinkage
produced by the bundles of PU (and the PU regions of RBFJ|RBCJ)
compared to the NY ones, as confirmed by previous works on similar

electrospun nanofibers [25,32,41]. Focusing on the junctions, instead,
their external morphology showed a progressive reduction of diameter
passing from the junction region, characterized by overlapped layers of
PU and NY nanofibers (Fig. 2J, L), up to the NY side. Moreover, looking
at their SEM sections, the RBFJ (Fig. 2E) showed a continuous concentric
alternation of NY and PU layers of nanofibers, while in the RBCJ
(Fig. 2F) was visible, an internal core of PU nanofibers surrounded by
continuous layers of NY and PU nanofibers. After the cyclic tests (AC)
(Fig. 3), inside RBNY and in both the NY sides of bi-material bundles,
groups of nanofibers compacted each other during the test (Fig. 3A),
producing some “micro-bundles” (diameters = 1.15 + 0.39 pm) that
globally contributed to the stiffening of RBNY and bi-material ones.
Conversely, this phenomenon was not visible in the PU nanofibers
(Fig. 3B). After the cyclic tests, no macroscopic morphological differ-
ences were detected in RBPU and RBNY (Fig. 3C-D), as well as in the flat
(Fig. 3E) and conical (Fig. 3F) junctions of bi-material bundles. The post
cyclic test orientation analysis revealed that NY nanofibers of RBNY
(range 0° — 18°: 68 + 6 %; range 78° — 90°: 3.3 &+ 0.4 %; dreNny-ACc =
0.20 £ 0.06 um), RBFJ (range 0° — 18°: 74 + 4 %; range 78° — 90°: 2.4
=+ 0.4 %; drpriny-ac = 0.21 + 0.05 um) and RBCJ (range 0° — 18°: 69 +
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Fig. 3. Morphological investigations on bundles after cyclic tests. A) NY nanofibers (magnification = 10000x, scalebar = 8 pm; red arrows highlight the “micro-
bundles” produced during tests); B) PU nanofibers (magnification = 10000x, scalebar = 8 pm); C) RBNY (magnification = 260x, scalebar = 200 pm); D) RBPU
(magnification = 260x, scalebar = 200 pm); E) RBFJ at the junction side, (magnification = 260x, scalebar = 200 pm); F) RBCJ at the junction side (magnification =
260x, scalebar = 200 pm); G) Orientation of the nanofibers of the bundles after the cyclic tests (axial orientation = 0°; transversal orientation = 90°); H) Diameter
distribution of the nanofibers of the RBNY after the cyclic tests; I) Diameter distribution of the nanofibers of the RBFJ, on the NY side, after the cyclic tests; L)
Diameter distribution of the nanofibers of the RBCJ, on the NY side, after the cyclic tests; M) Diameter distribution of the nanofibers of the RBPU after the cyclic tests;
N) Diameter distribution of the nanofibers of the RBFJ, on the PU side, after the cyclic tests; O) Diameter distribution of the nanofibers of the RBCJ, on the PU side,

after the cyclic tests.

8 %; range 78° — 90°: 3.2 £+ 0.6 %; dgrpcyny-ac = 0.21 £ 0.06 pum) sub-
stantially maintained their orientation (Fig. 3G). The PU nanofibers
instead, both for RBPU (range 0° — 18°: 66 + 2 %; range 78° — 90°: 2.9
+ 0.4 %; drppy-ac = 0.73 £ 0.28 pm), RBFJ (range 0° — 18°: 61 + 3 %;
range 78° — 90°: 4.0 & 0.5 %; drprspu-ac = 0.73 £ 0.28 um) and RBCJ
(range 0° — 18°: 61 + 3 %); range 78° — 90°: 4.4 + 0.9 %; drpcypu-ac =
0.74 £ 0.31 um) showed a slightly increment of alignment compared to
the as spun ones (Fig. 3G). The PU nanofibers after test resulted also
more detatched each other compared to the as spun ones. Also the
morphology of junctions was maintained after the cyclic test (Fig. 3). All
the different families of bundles (RBNY, RBPU, RBFJ and RBCJ) showed
a reduction of the diameters of both their NY and PU nanofibers (around
12 % for NY and around 19 % for PU) (Fig. 3H-O), probably caused by
local internal reorganizations of bundles, but without any visible break.
These findings promote a fast, stable and continuous transmission of
load between the two regions of bi-material bundles, reducing conse-
quently the delay in the operation, suggesting their suitability for soft
robotics applications.

3.2. Morphology of bundles — microCT

Previous analysis and considerations were confirmed by the microCT
scans of the RBFJ (Fig. 2S, 2T) and RBCJ (Fig. 20, 2P). The microCT
scans also allowed to verify the full-field internal structure of junctions
and the pure NY and PU sides. The microCT analysis detected the global
grayscale alteration depending on the concentration of PU and NY
nanofibers. The SEM and microCT images of RBCJ confirmed their close
mimicry with the natural structure of the MTJ, where the muscle fibers
interdigitate inside the tendon fascicle. However, considering the voxel
size adopted (9 pm), it was not possible to discriminate the nanofibers
and the overlapped layers of the wrapped-up mats [9]. Moreover,
looking at the external surface of both junctions, only NY nanofibers
were visible until the PU side of bundles was reached, further confirming
the biomimicry of these structures with the natural tissue (Fig. 2G, 2H,
20, and 2T). In fact, tendon fascicles incorporate the muscle ones pro-
gressively becoming endomysium/perimysium [9,45].
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3.3. Electrospun mats wettability

The behavior of a typical water droplet for each sample is depicted in
Fig. S3. The PU mat, consisting of aligned nanofibers, exhibited a WCA
of 114°+ 6°, which remained nearly consistent throughout the obser-
vation period. In contrast, the WCA values for NY samples slightly
declined over time, registering a mean WCA of 76° + 10° over 30 s,
showing a higher hydrophilicity compared to the PU ones. However,
despite the slightly higher hydrophilicity of NY nanofibers than the PU
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ones, both materials demonstrated a WCA suitable for their potential
applicability in soft robotics.

3.4. Mechanical properties of bundles

3.4.1. Tensile properties

The mechanical tensile properties of bundles are summarized in
Fig. 4, Table S1, Table S2, and Table S3. In particular, the force-
—displacement, force-strain, and stress—strain curves of RBNY showed a
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Fig. 4. Mechanical tensile properties of bundles (striped lines/bars = apparent properties; solid lines/bars = net properties). A) Setup for the tensile test (scale bar =
20 mm); B) typical force-displacement curves of bundles; C) Typical force-strain curves of bundles; D) Typical stress—strain curves of bundles; E) Yield force; F)
Failure force; G) Yield strain; H) Failure strain; I) Yield stress; J) Failure stress; K) Stiffness; L) Elastic modulus. The significance of differences between the different
categories of bundles in terms of apparent and net mechanical properties was assessed with an ANOVA 1 test followed by a Tukey post doc. The mean and standard
deviation are plotted, and statistical significance is evaluated using one-way ANOVA followed by Tukey’s multiple comparisons (ns p > 0.05, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001; black asterisks = apparent; red asterisks = net).
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nonlinear fragile behavior, while the RBPU showed a nonlinear ductile
behavior with large deformations. The samples with junctions, RBFJ and
RBCJ, showed a nonlinear ductile behavior with intermediate values
between RBNY and RBPU (Fig. 4B-D). All the bundles showed an initial
toe region (less extended in RBNY than RBPU, RBFJ, and RBCJ) similar
to the natural tissue counterpart [51-53]. The RBNY had the less
extended toe region (~2% strain), similar to the ones of natural tendon
fascicles [51], RBPU conversely had the longer toe region (~26 %
strain), similar to the natural muscle fiber/fascicles [52], while again
both the RBFJ and RBCJ toe regions (~15 % and ~ 14 % strain
respectively) resulted similar to the ones of natural MTJ [52]. The RBNY
had a failure force of Fg = 7.5 £ 1.2 N (eg = 6.8 & 0.9 %), the RBPU of Fg
=6.0+0.7 N (ep =66 + 3%), the RBFJof Fp=4.0 £ 1.2 N (eg =28 + 4
%) and the RBCJ of Fr = 4.4 4+ 0.6 N (e = 29 + 2 %) with no significant
differences between the two junctions (Fig. 4F, H).

The contribution of the NY sides caused a reduction of 58 % and 56 %
of the failure strain of RBFJ and RBCJ compared to the RBPU, while the
contribution of the PU side produced a significant reduction of the
junction’s failure force. In terms of yielding forces/strains, the RBPU had
Fy=4.2+ 0.5N (ey = 36 + 2 %), the RBFJ of Fy = 3.2 + 0.9 N (ey = 20
+ 2 %), and the RBCJ of Fy = 2.9 + 0.2 N (ey = 18 & 0.8 %). In this case,
the presence of NY caused a reduction of the yield strain of RBFJ of 44 %
and for the RBCJ of 50 % and a similar trend of statistics previously
described (Fig. 4E, G, and Table S2).

In terms of yield stress, the one of RBPU was 65y = 7.4 + 1.2 MPa
(ony = 19 & 2 MPa), the one of RBFJ was 6oy = 8.4 4+ 2.7 MPa (ony = 17
+ 5 MPa), and the one of RBCJ was 6ay = 7.0 £ 1.2 MPa (ocny =16 £ 1
MPa) with no significant differences between the different categories
(Fig. 41). This fact confirms that the presence of NY did not compromise
the ductility of bundles but only their stiffness. The failure stress instead
for RBNY was 65r = 38 + 7 MPa (ong = 162 + 27 MPa), for RBPU 6pF =
11 + 2 MPa (onf = 27 + 3 MPa), for RBFJ 6ay = 10 & 3 MPa (o = 22
+ 6 MPa), and for RBCJ 6ar = 11 + 2 MPa (onr = 24 + 2 MPa), with
significant differences only with the respect of RBNY (Fig. 4J).

Concerning the stiffness of bundles, for RBNY it was K = 0.50 + 0.04
N/mm, for RBPU K = 0.09 + 0.01 N/mm, for RBFJ K = 0.10 + 0.02 N/
mm and for RBCJ K = 0.13 + 0.02 N/mm. Interestingly, a significant
difference was detected between the stiffness of RBFJ and RBCJ (p =
0.1659), and the differences increased even more between the RBNY and
the other bundle categories (Fig. 4K). This demonstrates the ability of
the conical junction to induce a stiffening effect to the RBCJ.

The elastic modulus was strongly dependent on the junction’s shape.
In fact, for RBNY it was Eo = 573 + 45 MPa (Ey = 2416 + 180 MPa), for
RBPU Ep = 29 + 5 MPa (Ey = 73 + 9 MPa), for RBFJ E4 = 50 + 13 MPa
(En = 105 + 20 MPa), and for RBCJ Ep = 67 + 14 MPa (Ey = 153 + 10
MPa), confirming the ability of RBCJ to increase the elastic modulus of
bundles more than RBFJ (Fig. 4L).

Up to the yielding point, RBPU was able to store more work (Way =
0.001 + 0.0002 J/mm?> Wyy = 0.003 + 0.0004 J/mm?®) compared to
RBFJ (Way = 0.0008 + 0.0003 J/mm?; Wyy = 0.002 + 0.0006 J/mm?)
and RBCJ (Way = 0.0005 + 0.0001 J/mm3; Wyy = 0.001 £+ 0.0001 J/
mm?) (Table S1, Table S2, and Table S3). Interestingly, for the apparent
work to failure, RBNY (War = 0.001 4 0.0003 J/mm3; Wnr = 0.005 +
0.001 J/mm3), RBFJ (War = 0.002 £+ 0.001 J/mm3; Wnr = 0.003 +
0.001 J/mm?®), and RBCJ (W = 0.001 + 0.0004 J/mm?>, Wyz = 0.003
+ 0.0005 J/mm°®) had similar values without significant differences
while RBPU (Wap = 0.004 + 0.0007 J/mm?, Wyg = 0.01 + 0.001 J/
mm?) were able to store significant more work (p < 0.0001) before
failure compared to the other categories (Table S1, Table S2, and
Table S3).

The net mechanical properties of bundles, avoiding the contribution
of their internal empty spaces, were generally two-three times higher
(and significantly different) than the apparent ones (see Fig. 4 and
Table S3). Concerning the overall mechanical data of bundles, even if
the values differ in some points compared to the natural tissue coun-
terpart data found in the literature [51-53], their mechanical behavior
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and trends in mechanical properties agree with the mechanics expected
to simulate these tissues. Furthermore, the net mechanical properties of
RBCJ, in terms of elastic modulus and failure strain (Ex = 153 & 10 MPa;
ep = 29 £ 2 %) (Fig. 4 and Table S1), were in the same range of the ones
of natural pig MTJ found in literature (i.e. Ey = 126.05 + 40.42 MPa; ef
=40 £ 9 %) [52].

3.4.2. Cyclic tests

A skeletal and artificial muscle’s main passive mechanical charac-
teristic is its ability to withstand several load cycles without damage.
The main task of the MTJ is to connect a soft tissue (such as the muscle/
soft actuator) and a much stiffer tissue (such as the tendon tissue/joint).
This fact guarantees a constant tone to the kinematic chain, with-
standing cyclic loads, and simultaneously reduces the stresses produced.
For these reasons, a cyclic test, consisting of 10 packages of 10,000
cycles each, was performed using a typical physiological walking fre-
quency (i.e., 1 Hz) [54]. Some results in this section may differ from the
mechanical properties reported in the tensile tests. This fact is due to the
viscoelastic properties of these materials, which result in slightly
different mechanical properties depending on the strain rate employed
(5 %/s for cyclic tests, corresponding to a frequency of 1 Hz, versus 0.33
%/s for tensile tests).

Since muscles and tendons work by cycling within a linear elastic
region, cyclic tests were designed to do the same, setting upper and
lower displacement limits due to cycle in a linear region between the end
of the toe region and before the yield point. Specifically, RBNY = 8-13
mm, RBPU = 45-50 mm, and RBFJ/RBCJ = 26-31 mm.

The results obtained from the cyclic phase of the cyclic test are
shown in Fig. 5. Specifically, the mean values of maximum and mini-
mum peaks of force and stress (apparent and net) are shown in
Fig. 5B-G, while the values of stiffness and elastic modulus evaluated
every 1000 cycles are reported in Fig. 5H and I (mean values of loss of
work are shown in Fig. S5). Mean + SD of the cyclic mechanical prop-
erties evaluated between the 10 packages are reported in Table S4, while
in Fig. S6, Table S5, and Table S6, the mean + SD of these values are
reported for each package.

As expected, for RBPU, RBFJ, and RBCJ, all the cyclic properties
showed a decay (emphasized in the first package) up to the fourth
package and then tent to progressively stabilize their decay (Fig. 5B-1,
Fig. S5 Fig. S6 and Tables S4-56). Conversely and surprisingly, RBNY,
after a fast decay in the first 10,000 cycles of the first package, produced
a progressive force/stress hardening up to the third package for the
minimum/maximum values of the mechanical properties (i.e. mean +
SD peaks at the third package: Fp yyuy = 0.71 £ 0.42 N; Fp yax = 5.2 +
0.9 N; OAP_ MIN = 3.4+20 MPa; GAP MAX = 25.1 + 4.0 MPa; ONP_MIN =
13.0 + 7.4 MPa; onp Max = 96 + 14 MPa) then they maintained mean
minimum peaks of Fp iy = 0.7 £ 0.1 N and 6ap min = 3.3 £ 0.5 MPa
(onp Miv = 12 + 2 MPa), as well as maximum values of Fp yax = 5.2 +
0.1 N and 6ap max = 25 + 0.4 MPa (onp Max = 96 + 1.6 MPa), up to the
end of the test. This amplified the superior mechanical properties of
RBNY compared to the other categories (Fig. S6 and Table S6).

A previous stress hardening effect was detected on nylon 6.6
monolithic filaments during stress-relaxation tests [55] but, to the best
of our knowledge, on nylon 6.6 electrospun nanofibers, this phenome-
non has not yet been reported in the literature. The stress hardening
phenomenon is not related to a change in the crystallinity of NY, as
demonstrated by comparing the DSC curve before and after the cyclic
tests (Fig. S4), which showed an almost identical calorimetric behavior
of the materials. We have previously demonstrated that NY fibers with a
high molecular orientation and fibrillar crystalline structure elongated
in the axial direction were obtained through electrospinning [56]. It can
be conceivably hypothesized that an increase in crystalline orientation
occurs during stress application to the fibers, which might justify the
hardening phenomenon. Moreover, the post cyclic tests SEM investiga-
tion (Fig. 3) revealed that, inside RBNY and in both the NY sides of RBCJ
and RBFJ, groups of nanofibers compacted each other producing sorts of
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Fig. 5. Cyclic properties of bundles. The continuous lines represent the average values, while the shaded areas the related standard deviations: A) Setup for cyclic
tests (scale bar = 20 mm); B) Mean + SD maximum peaks of force of bundles; C) Mean + SD minimum peaks of force of bundles; D) Mean + SD maximum peaks of

apparent stress of bundles; E) Mean + SD minimum peaks of apparent stress

of bundles; F) Mean + SD maximum peaks of net stress of bundles; G) Mean + SD

minimum peaks of net stress of bundles. H) Stiffness of bundles evaluated every 1000 cycles during the cyclic tests; I) Elastic modulus (apparent and net) of bundles

evaluated every 1000 cycles during the cyclic tests (circles = apparent; asteris|

“micro-bundles” that globally contributed to the stiffening of NY both in
pure bundles and in the bi-material ones. These findings further support
the capability of junctions and bi-material bundles to dampen the stress-
hardening effect of NY nanofibers.

The RBPU showed intermediate values of mean maximum peaks of
force (Fp max = 1.3 & 0.07 N) compared to the RBCJ (Fp max =1.5+0.1
N) and RBFJ (Fp yax = 1.1 # 0.05 N) (Fig. 5 and Fig. S6 and Table S6)
(Table S4 and Table S5). Conversely, RBPU were able to maintain higher
levels of mean minimum peaks of force (Fp v = 0.6 + 0.06 N) if
compared to the RBCJ (Fp yny = 0.5 + 0.05 N) and RBFJ (Fp yiy = 0.3 +
0.04 N) (Fig. 5 and Fig. S6 and Table S6) (Table S4 and Table S5). In

ks = net).

terms of mean maximum peaks of stress, RBPU showed the lowest values
(6ap max = 3.3 & 0.2 MPa; onp max = 7.2 £ 0.4 MPa) in comparison with
RBFJ (6ap Max = 4.9 £ 0.2 MPa; onp Max = 9.2 = 0.1 MPa) and RBCJ
(GAPiMAX =3.9+0.2 MPa; ONP_MAX — 8.2+ 0.1 MPa).

The higher maximum stress values for the junctions were due to the
contribution of the NY side of the bundles, where the RBCJ showed
lower peaks with respect to RBFJ, demonstrating to dampen better the
stress hardening of the NY side. The RBPU showed instead the higher
values of mean minimum peaks of stress (6ap miv = 1.5 £+ 0.1 MPa;
onp miN = 3.3 & 0.2 MPa) in comparison with RBFJ (6ap min = 1.4 £ 0.2
MPa; ONP_MIN = 2.6 + 0.3 MPa) and RBCJ (GAP_MIN =12+0.1 MPa;
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onp MmN = 2.8 = 0.3 MPa) (Fig. S6 and Table S6) (Table S4 and Table S5).

Due to elastic nature of PU, RBPU also showed lowest mean levels of
stiffness, elastic moduli (K = 0.14 4+ 0.003 N/mm; E5 = 67 4 1.7 MPa;
En 143 + 3.6 MPa) and loss of work (Wiessa = 0.000005 +
0.0000003 J/mm3; Wioss N = 0.000008 £ 0.0000002 J/mm?) compared
with the other categories (Figs. 4, 5 Fig. S5,Fig. S6 and Tables 5S4, S5).
Interestingly, RBCJ were able to produce and maintain higher mean
levels of stiffness and a lower mean level of loss of work (K = 0.2 +
0.005 N/mm; Wigss o = 0.0000054 £ 0.0000002 J/mm?; Wigss N =
0.000017 + 0.0000006 J/mm?) compared to RBFJ (K = 0.15 + 0.003
N/mm; Wigss o = 0.0000077 + 0.0000002 J/mm?; Wigss N = 0.000020
+ 0.0000006 J/mm3) (Fig. 5, Fig. S5, Fig. S6 and Tables S4, S5) sug-
gesting a beneficial increment in stiffness caused by the NY side while
maintaining a reduced hysteresis more similar to the PU side. The RBFJ,
conversely, showed higher mean levels of elastic moduli (Ey = 139 + 3
MPa; Ex = 370 + 8 MPa) when compared to RBCJ (Ex = 104 + 3 MPa;
En = 327 + 9 MPa), confirming the tendency of RBCJ to produce lower
levels of stress during the cyclic test (Fig. 5, Fig. S6 and Tables S4, S5).

Moreover, the standard deviations of RBFJ resulted higher than the
RBCJ ones, suggesting a reduction of the damping effect of NY sides in
this junction configuration. These data suggest the ability of the RBCJ to
reduce the stress concentrations caused by the passage from NY to PU as
the natural MTJ does [11,52].

Notably, the net mechanical properties of bundles during the cyclic
tests in the elastic region closely matched the ones of tendon fascicles
[51], muscle fibers/fascicles [57], and MTJ [11,52] reported in the
literature.

The mean values of the elastic moduli of bundles during the cyclic
tests were higher compared to the ones of the bundles during the tensile
tests due to the higher strain rate of the cyclic tests and the progressive
compacting of the nanofibers (i.e. for RBNY = 68 %, for RBPU = 131 %,
for RBFJ = 178 %, for RBCJ = 55 %) (Fig. 5I and Table S4).

In Fig. 6 are shown the typical shape of the 10 loading phases of the
cyclic test and the evolution of the deformation plotted at every n + 1
loading phase. Specifically, Fig. 6A-D show the apparent stress-strain
plot (the net stress-strain plots are reported in Fig. S7A-D), and the
evolution of the deformation is shown in Fig. 6E-H. For the elastic
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moduli of the first loading phase of bundles, before starting the cyclic
phase (Table S7), the values were closer to the ones of the tensile tests,
with some differences primarily due to the design of the gripping system.
Following this, the bundles became progressively stiffer in the subse-
quent loading phase due to the increasing compacting of the internal
nanofibers. This behavior is also typical of the tendon tissue during the
first cycles of oligocyclic tests [58]. Examining the elastic moduli during
the initial two loading phases of the bi-material bundles validates the
effectiveness of reducing the stress concentration and the strain hard-
ening due to the NY side with the RBCJ. Specifically, the RBCJ shows an
initial apparent elastic modulus of E, = 49 + 7 MPa. In the second
loading phase, the modulus increases to E4 = 81 + 10 MPa, denoting a
65.3 % increment in modulus.

In contrast, the RBFJ shows an apparent modulus of E, = 51 + 19
MPa during the first loading phase. In the second loading phase, it
reaches Ep = 102 + 37 MPa, resulting in a significant increment of 100
% of the elastic modulus. Looking at the typical shape of the initial
loading phase of the stress-strain curves of bundles (Fig. 6A-D and
Fig. S7), it was notable that all the bundles showed an initial toe region
typical of the target biological tissues [5,52], and the trend was main-
tained during the whole cyclic tests. Furthermore, the shape of the toe
region of RBFJ (Fig. 6C and Fig. S7C) mimics the ones of RBPU (Fig. 6B
and Fig. S7B), while RBCJ (Fig. 6D and Fig. S7D) recalls the shape of
RBNY (Fig. 6Aand Fig. S7A). The net mechanical properties of bundles
generally resulted in 2-3 times higher values than the apparent ones.

The evolution of the deformation during the 10 loading phases of
each first cycle of each package was best fitted with the exponential
decay equation (Fig. 6E-H and Table S8). The coefficients a and b were
evaluated by best fitting and summarized together with the coefficient of
determination R? in Table 1.

The parameter (a) indicates the exponential initial quantity and,
therefore, the deformation after the first loading phase. The RBNY
showed the lowest initial deformation Aeggny = 2.8 + 0.1 %, while the
RBPU showed the highest initial deformation Aeggpy = 7.6 + 0.7 %
(Table S8). The bi-material bundles exhibited, instead, intermediate
initial deformations compared to the ones of RBNY and RBPU. Notably,
RBCJ had a lower initial deformation Aegpcy = 4.8 £ 0.1 % compared to
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Fig. 6. Typical loading phase of apparent stress—strain curves for each package of the cyclic tests: A) RBNY; B) RBPU; C) RBFJ; D) RBCJ. Evolution of the initial
deformation of bundles (mean + SD between all the specimens for each sample category): E) RBNY; F) RBPU; G) RBFJ; H) RBCJ.
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Table 1
Fitting parameters of the deformation curve of bundles in the n + 1 loading
phases of the cyclic tests.

a b R?
RBNY 2.8 —-2.91 0.996
RBPU 7.6 —1.66 0.977
RBFJ 5.8 —2.025 0.989
RBCJ 4.8 —1.903 0.987

the RBFJ Aegpppy = 5.8 £ 0.4 %. In the last package, RBFJ (Aegppy = 0.11
+ 0.06 %) and RBCJ (Aegpcy = 0.11 £ 0.05 %) significantly reduced
their deformations, showing intermediate values compared to the RBPU
(Aegppy = 0.22 + 0.1 %) and the RBNY, which maintained the lowest
values of deformation (Aeggyy = 0.03 + 0.03 %). The parameter (b)
instead, indicates the deformation’s decay rate. RBPU had the lowest
rate, while RBNY was the fastest one. This fact means that RBPU pro-
gressively deformed as the cycles increased, while RBNY deformed
entirely after the first package, and then the deformation remained
stable.

The bi-material bundles showed an intermediate value of the
parameter (b) compared to the two pure materials. Specifically, RBCJ
had a lower decay rate, confirming the conical junction’s ability to
reduce the deformations of the bi-material bundles as the cycles
increased (Table 1).

Finally, it is fundamental to mention that all the bundles successfully
concluded all the cyclic tests without breaking, proving themselves
promising for load-bearing applications.

3.5. Comments for material design

A bi-material bundle’s design must consider the mechanical behavior
of the constituent materials and the joint area between them. This study
focused on two constituent materials, NY and PU, linked by two types of
joints: flat and conical. The flat junction is relatively simple to realize by
electrospinning but has an abrupt geometric transition from one mate-
rial to the other, causing a stress concentration. The conical junction,
more complex to manufacture, is inspired by MTJ, and its geometry
allows for a gradual transfer of stresses. The static and cyclic charac-
terizations of the two constituent nanofibrous materials and the two
junctions provided fundamental results applicable to the design of bi-
material bundles.

RBNY showed a stiffness about 5 times higher than RBPU, while the
failure strain of RBPU was about 10 times higher than that of RBNY, with
a related net failure stress about 6 times lower than that of RBNY.

The bi-material bundles were designed so that the mass percentage of
NY nanofibers was about 40 % of the total in both RBFJ and RBCJ. The
bi-material bundles showed an intermediate static tensile mechanical
behavior between the two constituents. In particular, for both RBFJ and
RBCJ, it was observed that the failure strain was about 4 times higher
than that of RBNY and about 3 times lower than that of RBPU. Moreover,
the failure strain of bi-material bundles was not affected by the type of
joint and was around 60 % lower compared to RBPU while reaching the
same failure stress values. On the other hand, the stiffness of the bi-
material bundles was significantly influenced by the type of junction:
RBCJ has a net elastic modulus approximately 40 % higher than RBFJ.

Cyclic tests were conducted with imposed displacement, a typical
working condition in soft robotics. Tests on RBNY revealed, for the first
time in the literature, an alternating stiffening and softening phenom-
enon, in a range of about 5 %, when cycled. In soft robotics applications,
this phenomenon is critical since stiffening, when alternated with soft-
ening, can induce an unstable control. This issue is completely overcome
thanks to bi-material bundles. From the stress variation point of view,
the PU in the bi-material bundles makes it possible to compensate the
stiffening and softening effects occurring in NY. In particular, RBCJ
exhibits an initial softening, with a loss of 9 % in stiffness, that lasts up to
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about 40,000 cycles (see Fig. 5 and Table S5). In the case of RBFJ, the
training ends after about 30,000 cycles with a stiffness reduction of
about 6 %. After the initial training, RBCJ were observed to have 30 %
more stiffness than RBFJ. In both cases, the material stiffness is main-
tained up to at least 100,000 cycles after training. Therefore, focusing on
soft robotics, a conical junction should be preferred if a transmission
with high stiffness and precision is desired (i.e. grasping tasks), as in the
physiological case of MTJs of tendons and muscles dedicated to fast and
precise movements (such as the ones of hands and fingers). Conversely,
if a transmission with greater compliance is desired, a flat junction be-
tween the two materials should be more suitable. Moreover, further
stiffness tuning may be achieved by adjusting the PU and NY weight
percentages in the junctions, which are fixed in this work, to further
adapt the stiffness according to the required application [59].

4. Conclusions

In this work, aligned-to-aligned mats of different polymers have been
matched and scaled up to reach a more complex hierarchical structure,
mimicking the muscle-tendon fascicle level and its junction. Electro-
spun bundles of aligned nanofibers of PU (muscle fascicle side) and NY
(tendon fascicle side) were produced. A versatile and easy method to
produce electrospun bi-material bundles with separate regions of
aligned nanofibers of PU and NY connected with myotendinous-inspired
junctions (i.e. flat and conical configurations), was successfully devel-
oped. The morphological investigation of nanofibers and bundles,
through SEM and microCT, revealed that PU and NY nanofibers were
axially aligned and with diameters, for nanofibers and bundles, in the
same range as the natural tissue counterparts. The investigation also
showed that the conical junctions closely mimic the natural myotendi-
nous junction structure better than the flat one. The tensile mechanical
characterization revealed that both the bi-material junctions reached
stress at failure comparable to the PU bundles, whereas the strain at
failure showed an intermediate value between the pure NY and PU
bundles. Specifically, the conical one seemed better at replicating the
mechanical behavior of the natural myotendinous junction, reporting
stiffness and elastic modulus values higher than the flat one and the PU.
Moreover, cyclic tensile tests, carried out by cyclizing within the elastic
range of bundles, demonstrated that all the bundles were able to with-
stand the test without breaking. NY bundles showed an unexpected
hardening during cycles, while the other sample categories showed an
initial slow decay of mechanical properties, followed by a rapid stabi-
lization maintained for the entire test. Specifically, this behavior
confirmed the junctions’ ability to dampen their NY side’s hardening
over time. The promising results obtained in this study pave the way for
further development of a new class of biomimetic electrospun junctions
with potential applications in soft robotics and interfacial tissue
engineering.
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