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Abstract. Natural materials often consist of hierarchical architectures, which are extremely efficient in mechanical terms.
Whereas the structure-function relationship is well-studied in natural hard materials, soft materials are not getting equal attention, despite their high prevalence in nature. These soft materials are usually constructed as fiber-reinforced composites
consisting of diverse structural motifs that result in an overall unique mechanical behavior. In this study, as a proof-of-concept,
a soft biomimetic composite was fabricated from a hierarchical electrospun polyamide fiber, reinforcing a hydrogel matrix
and creating a simple synthetic analog for natural soft composites. This material system investigates the structure-function
relationship between the structure and mechanical function by mimicking different structural motifs. The polyamide-hydrogel
composite exhibited large deformations and nonlinear material behavior. Varying degrees of crimping enabled a controlled
strain stiffening behavior and engineered transition from matrix-dominated to fiber-dominated behavior. We also observed
that the individual nanofibers in our bundles created cross-bridges with the matrix and within the bundle, making the material
system more resistant to failure. Our bio-inspired composite demonstrated mechanical behaviors similar to natural soft composites, which can aid in the future design and development of the next generation of soft architectural composites.
Keywords: biopolymers, biomimetics, soft composite materials, mechanical properties, structure-function relationship

1. Introduction

lately attracted increasing attention [3, 8, 17–19]. Natural soft composites, such as soft tissues, are extremely
efficient under tension because they are generally
constructed as fiber-reinforced materials. In general,
soft tissues are built as different combinations of repeated and simple building blocks with different mechanical functions, such as collagen, proteoglycans,
and elastin. The collagen fibers act as reinforcement
[20], the proteoglycans serve as a binder and provide
an aqueous environment, and the elastin is responsible for the flexibility of the tissue [21]. Besides,
different structural motifs at different length scales
create various soft tissue structures and functions
using the same simple building blocks [21]. Despite
the broad diversity and versatility in soft tissues, they

Natural materials are characterized by highly efficient structures, which have evolved over many years
[1–11]. They are constructed as multi-level composites made from relatively simple building blocks and
consist of inherent structural motifs that result in remarkable mechanical properties [1, 6, 12]. Natural
composite materials can be categorized as hard or
soft materials. Typically, hard materials combine inorganic and organic components and are characterized as strong and tough materials with linear elastic
mechanical behavior in small strains. The biomimetics of these materials has been the focus of many
studies [13–16]. Although biomimetic analogs of
soft natural materials are not as widespread, they have
*
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has been used to elucidate the influence of the brickand-mortar structure of the nacre on its toughness
[9, 56].
By using reverse biomimetics principles [50, 57–59],
we can gradually separate the complex structural
motifs by engineering principles. Mimicking these
different structural motifs and assembling them can
provide a better understanding of the structure-function behavior of soft-tissues and aid in developing
the next-generation of soft composite materials with
tailor-designed nonlinear mechanical behavior. These
novel soft composites can be applicable in many
fields, such as soft robotics [8, 18], tissue engineering [27–30, 35, 60], and biomedical devices [3].
In this study, we fabricated a hierarchical bundle
consisting of electrospun synthetic hydrophilic nanofibers and embedded it in an alginate hydrogel matrix to create a new soft composite material inspired
by natural tissue structures. The objective of this study
was to investigate mechanically and computationally
the structure-function relationship and to control the
nonlinear behavior of the material by using biomimetic structural motifs found in soft natural materials.

all share a similar strain stiffening regime (J-shaped
behavior) with large deformations. For example, in
tendons, mechanical behavior is divided into the toe,
heel, and linear regions. In the toe region (the initial
part of the stress-strain curve,) small stress is needed
to create a large deformation [22, 23]. In this region,
the crimp of the fibrils is straightened, and the proteoglycan matrix governs the mechanical behavior.
In the heal and linear regions, the collagen fibers dominate the mechanical behavior, and stiffening occurs
[24]. In the linear region, the proteoglycans enable
a gliding mechanism between the fibers due to their
hydrated nature [22, 23, 25, 26].
The influence of fiber volume fraction (FVF) and
orientation on soft synthetic composites have been investigated (mainly for tissue engineering applications [27–31]) and found to affect different mechanical properties such as strength, stiffness, and ultimate
strains. Apart from the FVF and fiber orientation, additional structural motifs are present in soft tissues,
such as fiber crimping [32–34], sacrificial cross-linking (which allows fibril gliding) [23, 25], and structural hierarchy [11, 22]. Crimped fibers were synthetically fabricated as a part of a laminate or as
isolated fibers to investigate their deformation behavior [35–42].
One of the characteristic properties of natural materials is their hierarchical structure composed of several structural levels, from the nano to macro-scale,
such as the fibril-fiber-fascicle assembly in tendons
and ligaments.
Nanofibers can be manufactured efficiently using the
electrospinning process. Electrospinning is a well
known and efficient technique for creating nanofibers from a polymer solution using high-voltage,
allowing large diversity in materials and structures
[43–46]. These nanofibers can be assembled to create
diverse nanocomposites and even biomimetic multiscaled composites [43, 46–49].
Usually, biomimetics is used to imitate natural mechanisms toward developing newly designed materials
with superior properties. However, due to the high
complexity and multi-functionality of natural materials (such as biological, chemical, mechanical functions, etc.), a systemic biomimetic approach can verify the different functions by an iterative reverse-engineering approach. For instance, the structural studies of hard natural composites are a good example of
such a reverse-biomimetic approach in synthetic material systems [9, 11, 50–55], and such an approach

2. Materials and methods
2.1. Fabrication
Materials
Polycaprolactam (Nylon 6, synthetic polyamide) pellets (181110, Sigma Aldrich) were dissolved in
Formic Acid (F0507, Sigma Aldrich) under stirring to
obtain a 20 wt% solution. Sodium Alginate 10-60
(Protanal LF 10-60, FMC biopolymer, USA) was dissolved in double-distilled water (DDW) under stirring
to obtain a 6 wt% solution. CaCl2 (1311, J.T. Baker)
was dissolved in DDW to obtain a 0.1 M solution.
Electrospinning
The electrospinning apparatus consisted of a high
voltage DC power supply (FC series, Glassman high
voltage, Inc.), a syringe pump (TJ-3A, Longer Precision Pump Co., Ltd), and a rotating drum collector.
The rotating drum was connected to the DC motor
(2150 rpm @ 6 V, Pololu Corporation, Las Vegas,
USA) and a bench power supply (PSB-1400M, GW
Instek). The drum was wrapped with grounded conductive aluminum foil. A glass syringe (1 ml) with
an 18G needle was connected to the syringe pump
(Figure 1a). The flow rate was kept at 350 µl/h. Electrospinning was carried out at 16 kV, and the working
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Figure 1. Diameter and orientation of electrospun polyamide nanofibers. Diameter of nanofibers: (a) SEM image (scale bar
1 µm). (b) Segmented image of the nanofibers using DiameterJ algorithm (ImageJ, NIH). (c) Diameter distribution
of the nanofibers. (d) Orientation colormap of the nanofibers using OrientationJ (ImageJ, NIH) (scale bar 10 µm).
(e) Distribution of orientations–the nanofibers consist of clear unidirectional alignment).

distance was 12 cm from the needle, to create a
continuous polyamide film comprising aligned
nanofibers.

Nanocrimping
The bundle was inserted into a beaker containing
DDW located on top of a hot plate at 62.5 °C (Tg) for
one hour. The bundle was dried in 96% ethanol
(Sigma Aldrich). Nanocrimping was generated at the
micron level, as previously reported in [40], the DDW
was used as a plasticizer and created crimping at the
electrospun nanofiber level by removing the residual
stresses formed during the electrospinning process.

Bundle fabrication
The electrospun film was removed from the drum
and manually cut to a 5×5 cm rectangular shape
using an in-house razor blade apparatus. The film
was removed from the aluminum foil and manually
rolled in the spinning direction to create a bundle so
that the nanofibers will be aligned with the longitudinal direction of the bundle.

Composite fabrication
The bundle was inserted in a silicon dog-bone
shaped mold (W = 2 mm, T = 1 mm, GL = 15 mm)
(Figure 1b). The mold was then filled with an alginate solution (6 wt%), which completely covered the
bundle. The air bubbles were manually removed to
prevent defects in the composite. The mold was covered with a dialysis cellulose membrane (MWCO =
14 000, D9777, Sigma- Aldrich) to allow uniform
cross-linking, based on our previous works [29, 30,
61, 62]. Then, the membrane was flattened, and the
mold was soaked in CaCl2 solution (0.1 M) for 48 h
at room temperature to enable the cross-linking of
the alginate hydrogel.

Crimping
The bundle was inserted into a metallic mold with different crimping degrees (60, 90, and 120°). The mold
was tightened with screws and located on top of a hot
plate at 62.5 °C (Tg of Polycaprolactam) for one hour.
The crimping angle was defined as the upper angle of
the crimp triangle. The fiber crimp strain (εc) (Equation (1) and (2)) are defined as follows:
(1)

where:

(2)

y

x
i
fc = 1 - y = 1 - sin 2

θ

Fiber orientation, diameter, and bundle volume
fraction
The nanofiber orientation and diameter were calculated from the SEM images of the electrospun film

2x
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using the OrientationJ [63] and DiameterJ [64] plugins in the ImageJ software (NIH). The composite’s
FVF was calculated as the bundle volume divided
by the total volume of the specimen, without considering its inner structure.

Table 1. Material properties of the composite model.
Alginate matrix 6%

Nylon 6 bundle

Hyperelastic – Marlow [65]

Hyperelastic – Ogden #3 [66]

Strain

2.2. Mechanical test
The mechanical testing of alginate-polyamide composites and alginate hydrogels was carried out with
a computer-controlled Rheometric Scientific Minimat tensile tester (Rheometric Scientific, Series
2000) using a 200 N load cell at a testing speed of
3.0 mm/min using displacement control mode. Typical sample dimensions were 2 mm (width) × 1 mm
(thickness) × 24 mm (length). The test was recorded
using the uEye Camera (5580CP, iDS Imaging Development Systems GmbH). The composites and hydrogels were inserted into the standard grips of the
tensile tester and tightened to prevent sample slipping.
Tensile testing of the polyamide electrospun film and
bundle was carried out using an Instron 4502 with a
10 N load cell at a testing speed of 3.0 mm/min in
displacement control mode. The electrospun bundle
and film were glued to a thin frame cut before the
mechanical test to prevent buckling of the samples
while inserted into the tensile machine. We used engineering stresses and strains: stresses were defined
as the force divided by the initial cross-sectional area,
and strains as the displacement divided by the initial
gage length. The gage length was defined as the distance between the grips at zero force. Ultimate stresses and strains were defined as maximum stresses and
strains, respectively. The moduli were calculated as
the tangent modulus at a specific strain. Samples dimensions were measured using a digital caliper and
a micrometer.

Stress
[MPa]

Material constants

0

0.00

µ1 = –110.32, α1 = 2.00, D1 = 0

0.02

0.07

µ2 =

0.04

0.09

µ3 = 103.60, α3 = –2.00, D3 = 0

0.06

0.11

0.08

0.12

0.10

0.12

0.12

0.14

0.14

0.15

0.16

0.18

0.18

0.20

0.20

0.21

0.22

0.24

0.24

0.27

0.26

0.30

0.28

0.33

0.30

0.36

0.32

0.39

0.34

0.44

0.36

0.47

0.38

0.52

0.40

0.55

91.96, α2 = 4.00, D2 = 0

the beam elements and C3D8H for the solid elements)
[30, 31]. The fiber volume fraction matched the experimental value.
The material properties were nonlinear and hyperelastic (i.e., the stress-strain relationship is defined as
a constitutive law and derived from the strain energy
density function) and described in Table 1. The material properties were determined based on the mechanical tensile tests. The alginate matrix was homogenous and isotropic and fitted to the Marlow
hyperelastic model [65]. The polyamide bundle behavior was fitted to the Ogden strain energy density
function (order 3) [66]; it was assumed to be a continuous medium, and its nanostructure was not finely
represented. The boundary conditions matched the
mechanically tested samples of a rod under uniaxial
loading with displacement control. The left plane of
the rod was fixed, and the right plane was subjected
to 10mm displacement. The FE model employed implicit nonlinear static analysis.

2.3. Finite element model
A finite element (FE) model was generated to simulate the crimping effect on the mechanical behavior
of the polyamide-alginate soft composite using the
Abaqus FE software (Abaqus/CAE 2016, Dassault
Systems, Simulia Corp., Providence, RI, USA). The
model consisted of a heterogeneous 3D rectangularshaped rod with a crimped, single bundle (crimping
angle of 60, 100, 120, and 150°). The rod was constructed using solid elements representing the alginate
matrix (1×1×10 mm3). The polyamide bundle was
simulated by beam elements attached between the
nodes of the solid elements with 3% FVF (B31H for

2.4. Scanning electron microscopy
The composites were dehydrated through a series of
graded ethanol agents, from a concentration of 70 to
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100%. The samples were sputtered with iridium and
then investigated using a scanning electron microscope (SEM) (Carl Zeiss Sigma 500).

3.2. Composite fabrication
Alginate-polyamide composite fabrication is shown
in Figure 2. The composite was constructed as a
single bundle embedded in an alginate hydrogel
(Figure 2d). The average fiber volume fraction was
3±1.6%. The composite dimensions were
1.66±0.31 mm2 and 12.86±1.05 mm for the crosssection and gage length (GL), respectively. The
hydrogel matrix provided a hydrated surrounding to
the electrospun bundle, and thus, the composite acted
as a hydrated composite.
The dry bundle consisted of a hierarchical structure
with an entangled nanostructure, as shown in Figure 3. The resulting bundle crimping angles (θ) (Equation (2)) were 75, 127, and 145°, and crimp strain
(εc) of 0.39, 0.11, and 0.05, respectively.
The different samples that were tested are listed in
Table 2. The bundle and matrix interface is shown
in Figure 4a, 4b, as observed by SEM. The matrix was
tightly linked to the bundle and took the form of the
nanofibers.

2.5. Statistical analysis
Statistical analysis was carried out with a 95% confidence interval using GraphPad Prism 7 (GraphPad
Software, La Jolla, CA, USA). The mean and standard deviation (SD) were calculated for all measurements. The results with p < 0.05 were considered as
statistically significant. A non-parametric t-test
(Mann-Whitney test) was used to compare the data
groups.

3. Results
The results section demonstrates the geometry of the
nanofibers, film, bundle, and composites and their
mechanical properties. We tested the effect of crimping in the nanoscale on dry film and bundle and the
crimping in the millimetric-scale on the composite
material to understand their effect on the deformation behavior.

3.3. Mechanical behavior of the composite
The alginate-polyamide composites exhibited mechanical behavior between the behaviors of the matrix and the dry bundle (Figure 5a), thus approximately following the rule of mixtures. The mechanical
behaviors for all tested samples demonstrated large

3.1. Electrospinning
The nanofiber diameter ranged between 100–300 nm
(Figure 1a–1c). Anisotropy was observed (Figure 1d–
1e), with a distribution width alignment of 60°. The
diameter of the bundle was 0.25±0.05 mm.

Figure 2. Hierarchical soft composite fabrication. (a) Electrospinning apparatus. (b) Adding nanocrimping to electrospun
film. Scale bar 1 µm. (c) Rolling the electrospun film to create a bundle. Scale bar 100 µm. (d) Applying different
bundle macro-crimping angles (75, 127, and 145°, up to bottom). Scale bar 1 mm. (e) Alginate- polyamide composite fabrication. Scale bar 1 mm.

Figure 3. Hierarchical structure of crimped polyamide- alginate soft composite. Right-to-left- from electrospun nanofibers
to hierarchical soft composite.
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Table 2. Geometry of the tested samples.
Tested
samples

Cross-section
[mm2]

Gage length
[mm]

FVF

UTS
[MPa]

Max. strain

33

1.68±0.30

12.83±1.08

3±1.6%

–

–

Composite crimp angle 0°

7

1.63±0.30

13.14±0.45

3±0.8%

2.04±0.57

0.38±0.06

Composite crimp angle 145°

4

1.69±0.13

13.00±0.41

3±1.1%

2.67±0.69

0.38±0.04

Composite crimp angle 127°

19

1.7±0.33

12.82±1.22

3±1.9%

2.17±0.94

0.39±0.07

Composite crimp angle 75°

3

1.83±0.23

12.00±1.73

3±1.8%

0.69±0.24

0.37±0.06

Composite samples

Alginate matrix

4

2.57±0.26

17.58±1.09

–

0.48±0.11

0.44±0.09

Electrospun bundle

16

1.32·10–2±4.65·10–3

5.15±0.12

–

193.6±38.20

0.51±0.17

Electrospun film

24

6.88·10–2±1.65·10–2

5.24±0.11

–

8.5±3.300

0.31±0.10

Figure 4. (a, b) Polyamide bundle layers made of rolled electrospun film. (c, d) Fiber bundle-matrix interface.

When a force was applied to the composite with a
crimped bundle, first, the crimping was straightened,
and the matrix governed the initial part of the stressstrain curve (toe region), as shown in Figure 5b (I)
(for a composite with 127°). Then, the bundle gradually started to carry the load, and strain stiffening
was observed (heel region, Figure 5b (II)). When the
bundle was straightened, it carried the load, and linear behavior was seen (Figure 5b (III)) until the
composite failed (Figure 5b (IV)).
The composite exhibited high toughness (i.e., tearing resistance manifested in large deformations and

deformations behavior. The addition of crimping to
the bundle resulted in J-shaped behavior with strain
stiffening (Figure 5).
The averaged modulus of the composite with a
straight bundle (FVF = 3%) was 7 MPa, which is
seven times more than the matrix modulus (Ematrix =
1 MPa), but four times less than the film modulus
(EFilm = 32 MPa) and 62 times less than the bundle
modulus (Ebundle = 438 MPa) (Figure 5a). The composite modulus was approximately half (7 MPa) of
the calculated modulus using the rule of mixtures
(14 MPa).
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Figure 5. (a) Mechanical behavior of electrospun bundle, film, matrix, and polyamide-alginate composite (FVF 3% and
crimp angle of 127°). (b) Representative mechanical behavior of polyamide-alginate soft composite (crimp angle
of 127°) with the different regions: (I) Toe, (II) Heel, (III) Linear, and (IV) Failure.

from the matrix until the bundle also failed. Crossbridges formed between the bundle layers in the
bundle-matrix interface, as observed in the SEM
images obtained after the mechanical test (Figure 6c, 6d).

ductility [11]); however, their failure behavior varied between the different samples and did not
demonstrate a clear trend. Most of the composites
failed by pull-out (Figure 5b and 6a, 6b), whereby
the interface failed, and the bundle was pulled out

Figure 6. Failure of polyamide- alginate composite. (a, b) pull-out failure of the electrospun bundle. Fiber-matrix crossbridges (c). Cross-bridges between different layers of the fiber bundle (d).
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The tangent moduli at strains of 0.05, 0.1,0.015, and
0.2 are presented in Figure 7a. For εc = 0.39, we cannot see the change in stiffening since it should be
larger than the tested moduli. The straight bundle
composite demonstrated relatively similar values for
all tested moduli. The εc = 0.05 demonstrated stiffening between the strains 0.05 and 0.1. In addition,
the εc = 0.05 composites were stiffer than the straight
bundle composites for large strains.

3.4. The mechanical influence of crimping
Straight (n = 9) and crimped bundle composites for
the three fabricated crimping angles (75, 127, and
145°, and εc = 0.39, 0.11, and 0.05 (n = 3, 19 and 4),
respectively), were tested. The largest toe region was
observed for 75°, followed by 127°, and then 145°.
The toe region behavior matched the alginate matrix
specimens’ behavior, and stiffening occurred in the
average εc strain (Figure 7b).

Figure 7. Mechanical behavior of polyamide–alginate soft composites under unidirectional tension. (a) The modulus of composites with a different crimping angle at 0.05, 0.1, 0.15, and 0.2 strain. (b) Stress-strain curves for composites
with different crimping angles under unidirectional tension, experiments vs. FE models. (c) The influence of different crimping angles on the mechanical behavior in FE models of polyamide-alginate composites. (d) polyamide–
alginate FE model and boundary conditions.

715

Sharabi and Wagner – eXPRESS Polymer Letters Vol.15, No.8 (2021) 708–724

(p = 0.2) with and without nanocrimping, respectively, while the maximum strains were 0.41±0.06 and
0.35±0.06 (p = 0.6) with and without nanocrimping,
respectively (Figure 8g, 8h).

The FE models (Figure 7d) provided similar results
to the experimental behavior for all tested crimping
angles. However, the experimental results were slightly stiffer compared with the simulation results (Figure 7b). As shown in Figure 7c, in the additional models with varied crimping degrees, all toe regions
followed the matrix behavior. The transition between
the matrix and the fiber modes occurred around the
εc strains. The crimping angle controlled the length
of the toe region: when the crimp angle was smaller
(and εc was larger), the toe region was larger (Figure 7b, 7c). When the bundle was straight, the behavior was linear; that is, the fiber bundle entirely
governed the tensile behavior.

4. Discussion
A new architectural soft biomimetic composite with
a hierarchical structure was fabricated from a polyamide bundle embedded in an alginate hydrogel matrix. Polycarpolactam (Nylon 6) is an artificial hydrophilic polyamide, similar to proteins that are naturally occurring polyamides [67]. The composite’s design, the hydrophilic fiber bundle, and the hydrated
matrix enabled weak hydrophilic non-covalent interactions connecting the bundle and matrix. These interactions, such as hydrogen bonds, are known to be
reversible [11, 30, 68, 69], as is also the case for natural soft composites, as soft tissues. Therefore, the
loads are gradually transmitted from the matrix to the
fibers through the interface. In our material system,
the main evidence for creating this interface is the
ability of the bundle to significantly reinforce the hydrogel at a very low FVF (Figure 5). In the absence
of an interface, gross slipping would occur between
the bundle and matrix owing to the substantial differences between their mechanical properties.
In the SEM images, the matrix exhibits good nanofiber coverage (Figure 4c, 4d). Although the material
failure is by pull-out (i.e., the interface failed), the
matrix was significantly reinforced before failure
(Figure 5a). The presence of weak interactions at the
interface is responsible for the high toughness and
large deformations of the material. Similarly, in the
interface of natural composites, the interactions between the collagen fibrils and glycosaminoglycans
are weak and non-covalent. Therefore, these interactions can easily form and dissociate and enable
large-deformation behavior [11, 70–72].
Previous studies have demonstrated the effect of
FVF and fiber orientation on the mechanical behavior of soft composites and their impact on mechanical behavior [27–31]. In this study, an FVF of 3±1.6%
was used as a proof-of-concept to test the effect of
other parameters, including the hierarchical structure
of the bundle and crimping at different length scales.
The bundle was constructed as a rolled electrospun
polyamide nanofiber film. The ultimate tensile
strength and maximum strain of the electrospun film
were 24 and 1.64 times less than the bundle, respectively. An optional explanation for this difference is

3.5. Mechanical behavior of dry film and
bundle
The mechanical properties of the bundle were significantly larger than those of the electrospun film
(p ≤ 0.0001). The ultimate tensile stresses were
193.6±38.2 and 8.5±3.3 MPa, for the dry bundle (n =
16) and film (n = 24), respectively. The maximum
strains were 0.51±0.17 and 0.31±0.10 for the dry
bundle and film, respectively (Figure 8a, 8b).
3.6. The mechanical effect of nanocrimping
The mechanical effect of nanocrimping was first investigated for the dried film and bundle. The differences in the ultimate tensile stresses and maximum
strains between the bundle and film with and without
nanocrimping were negligible (Figure 8). The nanocrimping effect was observed in the SEM images
(Figure 9) but was not uniform. The ultimate tensile
stresses of the bundle were 196.2±38.8 MPa (n = 8)
and 191±41.9 MPa (n = 8), (p = 0.88) with and without nanocrimping, respectively, while the maximum
strains were 0.48±0.16 and 0.54±0.17 (p = 0.5) with
and without nanocrimping, respectively (Figure 8c,
8d). The ultimate tensile stresses of the film were
8.8±3.4 MPa (n = 16) and 8.1±3.3 MPa (n = 8) (p =
0.72) with and without nanocrimping, respectively,
while the maximum strains were 0.32±0.1 and
0.29±0.09 (p = 0.24) with and without nanocrimping, respectively (Figure 8e, 8f).
Moreover, due to the negligible effect of the nanocrimping on the deformation behavior on the bundle
and film, we could not see any difference in the
composite behavior with 127° crimping (higher
length-scale): The ultimate tensile stresses were
2.13±0.95 MPa (n = 11) and 2.23±0.99 MPa (n = 8),
716

Sharabi and Wagner – eXPRESS Polymer Letters Vol.15, No.8 (2021) 708–724

Figure 8. The mechanical properties of dry electrospun bundle and film and the effect of nanocrimping. (a, b) UTS and maximum strain of electrospun bundle (n = 16) vs. film (n = 24). Effect of nanocrimping on the bundle (c, d) (with
nanocrimping-n = 8, w/o nanocrimping-n = 8), film (e, f) (with nanocrimping-n = 16, w/o nanocrimping-n = 8)
and composites (g, h) (εc = 0.11, with nanocrimping-n = 11, w/o nanocrimping-n = 8).

where defects are present at certain hierarchical levels but do not necessarily weaken the material; instead, they make it stronger and tougher [73, 74]. An
additional explanation is that the bundle consists of

that the film consists of inner defects. These defects
are more distinct in the film but have less effect on
the bundle form due to its structure. The latter phenomenon is similar to naturally occurring materials,
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Figure 9. Nanocrimping under SEM. Electrospun film with (a, c) and without (b, d) nanocrimping.

not applicable alone, but in order to simplify the material system, we used a single-bundle composite.
Hierarchical multi-bundle composites will be designed and tested in our future studies.
Many structural features and mechanisms affect the
mechanical behavior in soft tissues (such as fiber
volume fraction, fiber orientation, graded transitions,
hierarchy, fiber crimping, weak interfaces, sacrificial
cross-bridges, etc.). Thus our ability to define the different mechanical roles for each of these is quite limited. However, by using reverse biomimetics principles [50, 57–59], we can gradually separate the complex structural mechanisms by engineering principles. Since collagen fibers are the main load-bearing
component in these tissues [21], it can be argued that
uniaxial tension is justified to simplify other structural mechanisms such as reorientation of fibers, for
example, for skin tissue [75] and annulus fibrosus
[76, 77]. In soft tissues, the straightening of collagen
crimping is known to affect strain stiffening in different tissues such as skin [75], tendon [23], and annulus fibrosus [76]. Under uniaxial loading, the

several layers of rolled film with aligned nanofibers.
When the bundle is stretched, the film layers are
stretched in parallel, the modulus is stiffened, and
the deformations decrease compared to the film
alone.
The bundle reinforced the alginate hydrogel matrix;
however, owing to the low FVF, it was significantly
less stiff compared with the electrospun film and
bundle. In nature, collagen fibers also exhibit different mechanical behaviors at different length scales,
and the molecular scale is the stiffest [11].
The mechanical behavior of the crimped polyamidealginate composite followed a J-shaped nonlinear
behavior (Figure 5b and 7), which was similar to that
of the toe, heel, and linear regions of natural collagenous soft tissues.
It is important to note that the fabrication was done
manually to present a proof-of-concept hierarchical
soft composite. The manual fabrication, although executed carefully, added a degree of variance to the results. However, the results that are shown demonstrate
a clear trend. Moreover, a single-bundle composite is
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nanoscale, crimping was negligible in the toe region,
in the ultimate tensile strength, and the ultimate strain
at the bundle and film levels. The insignificant effect
of the crimping in the nanoscale may be attributed
to the insufficient alignment of fibers. However, an
alternative explanation is that crimping at the nanoscale does not affect these properties but may have
a synergistic effect on the toughness of the composite, which cannot be isolated from the other effects
observed in the overall behavior of the composite.
In the polyamide-alginate composite, the nanofibers
had a similar diameter to the collagen fibrils (100–
300 nm). Additionally, they were located in the hydrated surrounding of the hydrogel, which allowed the
formation of hydrogen bonds and enabled sliding similar to the native composites. In the linear region of
soft tissue, such as a tendon, observation in X-ray synchrotron [22, 23, 26] revealed that the collagen fibrils
(50–500 nm) are slipping on top of each other, owing
to the hydrated proteoglycans matrix. This slipping
enables tendon elongation with smaller strains on the
fibers’ inner structures. Additionally, the hydrated surrounding generated by the matrix contributes to the
hydrogen bond formation and sliding and serves as a
plasticizer [11, 22, 23, 25, 26, 83, 84].
The failure of the polyamide-alginate composite is
complex and influenced by the synergistic effects of
several structural mechanisms. Thus, isolating the
direct structural motif contributing to the mechanical
behavior is challenging since the failure is affected
by the cumulative effect of different motifs, as is also
the case for soft composite tissues [11], even though
our composite is relatively simple.
Soft collagenous tissues are characterized by high
toughness and tear resistance [11], for example, skin
[75], meniscus [85, 86], and tendon [87, 88]. Several
structural mechanisms are involved in this behavior,
such as water presence that allows slipping between
the fibers and increase elasticity and ductility, the reorientation, crimping straightening and stretching of
fibrils, and fiber bridging [11]. In our material system, the weak interface created between the hydrogel
matrix and the polyamide bundle, hierarchical bundle
structure, applied crimping, the pull-out, and crossbridges (Figure 6) are assembled to allow a considerable tear resistance, similar to soft tissues. Most of
the samples failed by bundle pull-out, that is, by the
failure of the weak interface between the matrix and
the bundle (Figure 6, 6b and 5b). Several structural
effects known to occur in natural soft composites

crimping of the bundle was gradually decreased by
straightening (Figure 5b), and the matrix dominated
the mechanical behavior in the toe region. When the
bundle was straight, it started carrying the load, which
resulted in stiffening in the stress-strain curve. In the
toe region of collagenous tissues, collagen crimp
straightening was observed using a light microscope
[22, 23, 78, 79]. Soft tissue crimping was seen in the
micro-level scale (crimp length 10–300 µm) [11, 33,
78, 80–82]. For our composite, crimping was observed at the same scale and ranged between 300–
800 µm. The bundle diameter was 0.25±0.05 mm,
which is the same range as that of the tendon fascicles [11].
The application of different crimping degrees (experimentally and numerically) resulted in a controlled transition between the matrix and the fiber
modes. As was expected, the toe region was larger
when the crimping angle was smaller (Figure 7). As
already mentioned, in soft tissues, the straightening
of collagen crimping is known to affect strain stiffening in different tissues such as skin [75], tendon
[23], and annulus fibrosus [76]. Different crimping
angles characterized different tendons, such as the
Patellar and Achilles tendons (knee and foot tendons,
respectively), such that the latter crimping angle was
smaller than that of the patellar tendon, which allowed for a larger toe region [11, 82]. Moreover, larger toe regions are typically found in tissues with larger
elastin content, which allows for a larger toe region
and larger deformations (20–30%) [24, 80].
Although the experimental and simulation results are
in good agreement, the experimental results demonstrated stiffer behavior for all crimping angles compared with the model. This stiffer behavior in the
model may be attributed to the simplified representation of the bundle in the model, which was assumed to be continuous with a circular cross-section,
whereas the bundle structure is, in fact, hierarchical
and consists of nanofibers that can stiffen the composite mechanical behavior. However, the similarity
implies that the crimping in the millimetric scale
governs the deformation behavior, and the initial part
of the stress-strain curve is a matrix-dominated region. Although the overall stiffening can be referred
to as bundle crimping, the inner hierarchy of the bundle provides additional stiffening that cannot be seen
in the simplified model.
Crimping at the nanolevel was also investigated in
our polyamide-alginate composite (Figure 8). At the
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were also observed in our polyamide-alginate composite. The SEM observation revealed that the bundle pull-out was long (Figure 6a, 6b). This phenomenon has also been observed in various collagenbased natural materials, such as bone and fish scales
[11] and CNT-based composites [47, 89], and laser
engraved glass structures inspired by the nacre structure [90].
Moreover, and very importantly, the nanoscale reinforcement is known to simultaneously favor the
strength and toughness of materials [91, 92]. In our
case, the polyamide nanofibers may be recruited and
realigned to increase the toughness of the material
together with and the creation of cross-bridges with
the matrix and within the bundle (Figure 6c, 6d).
Similar mechanisms have also been observed in
bone tissues at the nanoscale [93, 94], where toughness is governed by the nanoscale interface between
matrix and fibers.
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