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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.4121/ff4882ad
-4cd6-49d3-8878-623c6b712759

In this study, a 3D-printed biomimetic overlapping curl structure inspired by spider silk molecular structure,
containing sacrificial bonds and hidden lengths, is studied as a toughening mechanism for a bio-based epoxy.
Experimental results of the fracture phenomena of the overlapping curl-reinforced bio-based epoxy identify
three toughening mechanisms triggered by the overlapping curl: (1) crack re-initiation, (2) overlapping curl
bridging, and (3) epoxy ligament. First, the integrated overlapping curl creates a void within the epoxy matrix.
As the crack tip reaches the end of this void, the crack re-initiates. Then, as the hidden length of overlapping
curl unfolds, it leads to a bridging effect in resisting crack growth. In addition, for the smallest hidden length,
an epoxy ligament is formed due to crack branching, significantly improving the energy release rate. The
epoxy fracture energy release rate increased by 13 %. The overall modest improvement is attributed to the
large plastic dissipation energy of the epoxy and the relatively low overlapping curl load-capacity. However,
when expanding the design space numerically, it was shown that as the failure load of the overlapping curl
increases, the bridging effect increases progressively. The introduction of the bio-inspired overlapping curl
structure into bio-based epoxy proves the concept of a toughening strategy for developing high-performance
sustainable composite materials.

Keywords:

Bio-inspired

Bio-based epoxy
Toughening mechanisms
Fracture

1. Introduction plasticity and enlarging the fracture process zone of the materials.
Introducing micro-rubber particles or silica nano-particles to increase
plasticity and enlarge the plastic zone has shown a significant in-
crease in the epoxy toughness and effective against crack initiation and
propagation [13].

Compared with intrinsic toughening, extrinsic toughening mech-
anisms act mostly behind the crack tip to inhibit crack propaga-
tion, mainly including bridging, fiber pull-out, and crack path deflec-
tion [14-16], which is efficient in resisting crack growth. Researchers
have endorsed a lot of efforts to explore this area in pursuit of achieving

Thanks to its high stiffness, good corrosion resistance, and high
strength, thermoset epoxy has been widely used in engineering ma-
terials, such as composites [1,2], adhesives [3,4], coatings [5], etc.
Currently, the majority of the commercially available epoxy resins are
derived from petroleum resources [6,7]. The environmental impact
and dependency on non-renewable resources require more sustainable
alternatives. Attention has been paid to the green and environmental-
friendly epoxy. The bio-based epoxy resins, synthesized from renewable
resources such as lignin, soybean oil, or cashew phenol, offer sustain-

ability advantages, reduced carbon emissions, and biodegradability [3,
7]. However, their mechanical properties and thermal stability of-
ten underperform compared to petroleum-based counterparts [8-10],
posing challenges for high-performance application.

Reported works indicated that structural hierarchies in materials
can contribute to the toughness, which can be classified as intrinsic
(from atomic to nanoscale) and extrinsic (from micro to macroscale)
toughening mechanisms [11,12]. During crack propagation, the intrin-
sic toughening operates ahead of the crack tip, relying more on the

* Corresponding author.

greater toughness. For example, van Innis et al. [14] inserted polyethy-
lene filaments acting as bridging ligaments into co-cured composite
joints to improve the toughness by 3 times. Similarly, Tao et al. [17]
applied laser-based surface treatment to secondary bonded composite
joints, triggering adhesive ligament bridging and achieving toughness
improvement. Besides, the integrated fiber or carbon nanotube pullout
mechanisms can also dissipate much fracture energy in composites,
delaying crack propagation [15,18,19]. Also, architecture design in the
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topology geometries of bulk material, e.g., sacrificial cuts, are able to
deflect the crack path to increase the toughness [16,20,21].

Natural materials have spontaneously evolved into lightweight ma-
terials with high strength and toughness, containing a mutual of in-
trinsic and extrinsic toughening mechanisms. For example, in nacre,
the fracture toughness is several orders higher than the mineral con-
stituents through a “brick-and-mortar” structure where brittle mineral
platelets are separated by organic proteins that allow limited sliding
to relieve stress. This sliding enables the tortuous crack deflection
along rough platelet surfaces and platelet pull-out, which further en-
hances toughness [11,22]. Another prime natural material is spider
silk, its exceptional strength and toughness come from its unique
sacrificial bonds and hidden lengths toughening mechanism within
its protein microstructure [23,24]. By breaking the sacrificial bonds,
such as hydrogen bonds, energy is dissipated under stress. Moreover,
the uncoiling and stretching of hidden lengths enhances its toughness
further, making it both strong and highly extensible.

Many scientists are working to decipher and mimic these biological
structures to develop fracture-resistant and high-performance mate-
rials, such as synthesized fibers [23,24], adhesives [25], 3D-printed
junctions [26], glass [27], and composites [28,29]. Mazzota et al. [25]
incorporated organic functional additives into adhesive to create in-
terpolymeric networks containing weak sacrificial hydrogen bonds.
These sacrificial bonds can easily break under stress, allowing effective
dissipation of mechanical energy while maintaining the integrity of the
matrix, significantly improving the toughness of the adhesive. Simi-
larly, Zou et al. [30,31] utilized 3D printing technology to replicate the
structure of the sacrificial bonds and hidden lengths on the macroscale
using a molten polymer filament. By integrating these physical struc-
tures into elastomers, they demonstrated the toughening mechanisms
where the sacrificial bonds break and the hidden lengths subsequently
unfold [32]. This approach led to remarkable improvements, including
a ~17-fold increase in stiffness and a ~7-fold increase in total energy
to failure compared to the neat elastomer. Despite these achievements,
the application of the macroscale sacrificial bonds and hidden lengths
structure in epoxy material remains unexplored. The primary challenge
lies in engineering these structures to function effectively under low
strain values, typical of structural epoxies, and simultaneously ensure
that the sacrificial bonds break and the hidden lengths unfold to
produce meaningful bridging effects.

In this work, inspired by the microstructure of spider silk, 3D-
printed overlapping curl fibers consisting of sacrificial bonds and hid-
den lengths, are impregnated within the bio-based epoxy matrix. The
effects of the overlapping curl geometry on the fracture process and its
toughening mechanisms are studied. In addition, the bridging effects of
the overlapping curl on the epoxy are simulated by the finite element
method to better understand the key toughening mechanisms. This
work is a proof of concept of the promising bio-inspired overlapping
curl structure to toughen bio-based epoxy, enabling to achieve a strong,
tough, and sustainable composite material.

2. Materials and experimental methodology
2.1. 3D-printed overlapping curls

The overlapping curl (OC) structures containing sacrificial bonds
and hidden lengths were additively manufactured using commercial
polylactic acid filament (PLA, ReForm™ - rPLA, Formfutura BV, Ni-
jmegen, Netherlands). A 3D printer Prusa i3 MK3S+ with a nozzle
size 0.8 mm was used for fused filament fabrication to obtain coiling
fibers with sacrificial bonds and hidden lengths via the coiling rope
effect [33], as shown in Fig. 1(a). The 0.8 mm nozzle was specifically
selected because it enables the fabrication of OCs with superior me-
chanical properties based on our previous work [31], making them
more effective as reinforcements for the epoxy matrix. By adjusting
the custom-written g code containing the moving speed of the nozzle

Composites Science and Technology 272 (2025) 111374

F, the extrusion value of the filament E and the height of the nozzle
Z, different overlapping curl patterns were fabricated. Two different
nozzle heights, Z = 10mm and Z = 5 mm, were used to print overlap-
ping curls showing distinct hidden lengths and mechanical properties,
with the aim of assessing their comparative toughening effects on
the epoxy matrix. The overlapping curl structures were named by the
nozzle height: OC_Z10 and OC_Z5. OC_Z10 has a larger curl size than
OC_Z5 and the diameter d of the overlapping curl fiber is approximately
0.98 mm for both geometries. As a benchmark, a straight fiber with a
similar diameter was also printed to be used as a reference. Fig. 1(b)
and Table 1 show the overlapping curl structure and the corresponding
3D-printing parameters and geometry.

2.2. Bio-based epoxy resin

For the matrix, a two-component bio-based epoxy (SR GreenCast
160 for matrix/SD 7160 for hardener) was used and mixed in a mixing
ratio of 1:0.42 [34]. The mixture was placed into a vacuum chamber
for degassing around 1 h and, subsequently, poured into the designed
silicon mold to manufacture tensile and compact tension (CT) speci-
mens with a consistent geometry, as shown in Fig. 2(a) and (b). The
epoxy resin was cured for 7 days at room temperature before testing as
recommended by the technical datasheet [34]. Note worth it that the
epoxy resin was purposefully chosen as transparent to allow a visual
observation of the fracture phenomena when the OC structures are
impregnated in the resin.

2.3. Experimental methods

2.3.1. Single overlapping curl tensile test

A universal Zwick loading frame with 100N loadcell was used to
characterize the mechanical properties of the 3D-printed PLA straight
fiber and overlapping curl. It is worth noting that only one curl was
tested, as only one sacrificial bond tended to break in the CT specimens.
For details in specimen preparation and testing procedures, please
refer to [31]. The testing speed was set to 2mm/min and at least five
specimens were tested for each configuration.

2.3.2. Tensile test of the epoxy resin

Tensile dog-bone specimens of the pure epoxy (without OC) were
tested following the standard ISO-527 [35] to characterize the epoxy
mechanical properties. The average + standard deviation thickness of
specimens was 4.46 + 0.18 mm (the nominal thickness was 4 mm). A
universal Zwick loading frame with 10kN loadcell was used for the
tensile test of epoxy resin and 3D Digital Image Correlation (DIC) was
used to record the deformation. To enable the DIC evaluation, a thin
layer of white paint was applied to the front of the specimens with the
black speckles painted on top. The 3D image acquisition system was
placed facing the specimen (VIC-3D system by Correlated Solutions,
Inc.) with pictures taken every two seconds after the load application.
The testing speed was 2 mm/min and four specimens were tested.

2.3.3. Compact tension test

Compact tension tests were performed to characterize and evaluate
the fracture phenomena triggered by the OC when impregnated into
the biobased epoxy resin. Four types of CT specimens were tested: CT-
Pure, with only the epoxy resin without any reinforcement, CT-Straight,
with one straight fiber impregnated within the epoxy resin, CT-OC_Z10,
with one OC_Z10 impregnated within the epoxy resin and CT-OC_Z5,
with one OC_Z5 impregnated within the epoxy resin. Owing to cur-
rent 3D-printing constraints, millimeter-scale OCs were used, with a
single OC incorporated per specimen to demonstrate the OC-toughening
mechanism in structural epoxy. Staples were inserted into the mold to
serve as anchoring points, fixing the two ends of these reinforcements
and maintaining their position at the mid-thickness of the specimen.
In CT-OC_Z10 and CT-OC_Z5, the OC was oriented perpendicular to
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Fig. 1. (a) The 3D-printing process schematic of overlapping curl fabrication. (b) The geometry of printed PLA straight fiber and overlapping curl structures.

Table 1

3D-printing parameters and geometry of the straight fiber and overlapping curls. Z: nozzle height,
F: nozzle moving speed, and E: filament extrusion value (average + std).

Nomenclature Z (mm) F (mm/min) E (mm/min) Curl size-X Curl size-Y
(mm) (mm)
Straight 10 1000 60 - -
0C_Z10 10 610 130 3.55 + 0.08 4.08 + 0.09
0C_Z5 5 610 130 1.93 + 0.03 2.30 + 0.08
the crack path with one curl aligned with the centerline of the crack Table 2

path. To ensure that the overlapping curl fully unfolds and breaks
within the crack propagation region of the CT, standard CT geometry
specified in [36] and ASTM D5045 [37] was modified by using a larger
CT specimen, as shown in Fig. 2(b). In this modified geometry, the
dimension W — g, is 48 mm, compared to 15mm in the standard CT
geometry, where W is the specimen width and g, is the initial crack
length. This modification has implications in terms of output, since
the results will no longer represent a material property, guaranteed by
the standard CT, but a modified-geometric property. Nevertheless, this
modified geometry ensures that the fracture phenomena triggered by
the OC are fully developed, and fully analyzes its implication on the
crack propagation region. The nominal thickness of the CT specimens
was 8 mm. After 7 days of curing, the average + standard deviation
thicknesses of the CT specimens were: CT-Pure: 7.83 + 0.16 mm, CT-
Straight: 7.70 + 0.36 mm, CT-OC_Z10: 7.93 + 0.24 mm, and CT-OC_Z5:
8.14 + 0.23mm. A universal Zwick loading frame with 10kN loadcell
and DIC cameras were used for the compact tension test. Besides, on
the opposite side surface of the CT specimen, a traveling microscope
was used to observe the crack propagation in-situ. The mechanical test
set-up for compact tension test is shown in Fig. 2(c). The testing speed
was 2mm/min. Five CT specimens of each configuration were tested.

The energy release rate (ERR) of the CT specimens was calculated
based on the following compliance method [38],

2
ERR = — — (@)

where P is the load, ¢ is the specimen thickness, C is the compliance
as a polynomial function of crack length a, that is C = (aa + p)". a, B,
and n are calculated to best fit the experimental data.

3. Experimental results
3.1. Single overlapping curl tensile test results

Fig. 3 shows the representative load versus displacement curves of
the 3D-printed structures: straight, OC_Z10 and OC_Z5. Under tension,
the sacrificial bond of the overlapping curl first breaks (point i), fol-
lowed by a load drop ending at F,. As the hidden length unfolds, the
load raises again (e.g., points ii and iii) until it reaches the ultimate

PLA straight fiber and overlapping curl mechanical parameters. F,: holding
load; F,: ultimate failure load; /: hidden length (average =+ std).

Nomenclature F, N) F, (N) ! (mm)
Straight - 35.25 + 0.76 -

0C_z10 3.06 + 0.31 35.14 + 1.60 12.73 + 0.70
0C_z5 10.47 + 0.45 22.18 + 0.92 4.81 + 0.13

failure load F, (point iv) where the fiber breaks. The straight fiber only
shows a constant increase in the load until a sudden break, represented
by the peak load. While comparing these load versus displacement
curves, one can clearly observe the advantage of OC compared to
the straight fiber, as more energy is absorbed as a consequence of
the hidden length unfolding. Table 2 lists the holding force F,, the
ultimate load F,, and the hidden length / for the three configurations.
The average holding load F, of OC_Z5 (10.47N) is higher than that of
OC_Z10 (3.06 N). This is mainly due to the fact that the smaller curl size
OC_Z5 shows more structure rigidity when compared to OC_Z10 [31].
However, due to a longer hidden length, OC_Z10 exhibits a higher F,
compared to OC_Z5. Moreover, a higher stiffness is observed in OC_Z5
than in OC_Z10 within the displacement range of 0.85 to 5.65mm.
Beyond this displacement, OC_Z10 becomes stiffer. For further under-
standing of the effect of the geometry of the OC on its mechanical
properties, please refer to [31].

3.2. Tensile properties of the bio-based epoxy resin

Fig. 4 shows the representative stress—strain curve of the bio-based
epoxy under the uniaxial tensile test and the corresponding mechanical
properties are summarized in Table 3.

3.3. Compact tension test

3.3.1. Integration of PLA straight fiber

Fig. 5 compares the representative results of the compact tension
tests of the specimens containing a straight fiber (CT-Straight) and
with no reinforcement, i.e., pure (CT-Pure). Fig. 5(a) compares the
representative normalized load versus displacement curves of the CT-
Pure and CT-Straight. The load was normalized to the thickness of each
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Fig. 2. The geometry and dimensions of (a) the tensile dog-bone specimen (nominal thickness of 4mm) and (b) the CT specimen (nominal thickness of 8 mm).
The blue dashed line represents the position of the embedded straight fiber or overlapping curl structure. (¢) The mechanical test setup for the compact tension

test.

(a)

Straight = iv
2t ——-o0c zlo PO
———0C 75 / !
/ |
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(b)

Mechanical
extensometer

i ii iii I\
16

12.5 mm

Fig. 3. (a) The load versus displacement curves of PLA straight fiber and overlapping curls with only one curl. F,: the holding load after the sacrificial bond
break; F,: ultimate failure load. /: the hidden length due to the curl unfolding, defined as the distance between F, and F,. (b) The corresponding deformation
process of OC_Z10. Point i is the break of the sacrificial bond, points ii and iii are the hidden length unfolding process, and point iv is the final failure of the

overlapping curl structure.

specimen to eliminate the small differences between the specimens:
P = P/t. The two curves show very similar behavior. However, with
the integrated straight fiber, the normalized load has a slight increase
from point 1 to point 6, showing that there is an effect of straight fiber,
possibly withstanding part of the load. This is confirmed by a sudden
load drop at point 6 when the straight fiber breaks, as indicated by
the red circle and confirmed by picture 6-Fig. 5(d). Fig. 5(d) shows the
fracture process of the CT-Straight. After the crack passes the straight

fiber (point 2), the straight fiber starts to neck until the final break
at point 6. The crack length and energy release rate results are also
shown in Fig. 5(b) and (c). Both the crack propagation rate and the
ERR of the CT-Straight show similar values to those of CT-Pure. Even
with the breaking of the straight fiber at point 6, the ERR remains the
same as the CT-Pure. The average ERR values were taken from the crack
length of 15.5 mm to 25.2 mm (the range of reinforcement influence until
the ERR starts to decline). The average energy release rate values are
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Table 3
Mechanical properties of Greencast epoxy resin (average + std).
Young’s modulus (MPa) Gieta (MPa)? Gsirengen (MPa)° 6 fracture (MP)° € racture (M/mm)?
666.87 + 80.36 5.07 + 0.09 12.44 + 0.53 11.63 + 0.22 0.44 + 0.08
2 The yield stress is defined as the elastic limit in the stress—strain curve.
> The maximum stress in the stress-strain curve.
¢ The stress at which the specimen fractures.
4 The strain at which the specimen fractures.
15 Table 4
Summary of energy release rate of the compact tension specimens (aver-
age + std).
12 Nomenclature CT-Pure CT-Straight CT-0C_Z10 CT-0C_Z5
Energy release rate, 80.79 + 4.67 80.79 + 2.16 88.65 + 5.05 91.03 + 5.45
- ERR (kJ/m2)
&
= or
< Table 5
§) The roughness of the CT fracture surface along representative lines as listed
%ﬁ in Fig. 8. R,: Arithmetic average of profile height along selected lines.
g 6 Ra (pm) Line i Line ii Line iii Average + std
n CT-Pure 39.0 + 0.2 40.2 + 0.1 36.6 + 0.2 38.6 = 0.1
CT-Straight 100.1 + 0.3 80.8 + 1.9 56.6 + 0.1 79.2 + 0.6
3 CT-0C_Z10 107.9 + 6.9 66.8 + 0.3 79.3 + 0.4 84.7 + 2.3
CT-OC_Z5 3131 + 1.4 3989 + 9.6 437.2 + 1.4 383.1 + 3.3
0 1 1 1 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Strain, &£ (mm/mm)

Fig. 4. The representative engineering stress—strain curve of the epoxy resin.

80.79 + 4.67kJ/mm? and 80.79 + 2.16kJ]/mm? for CT-Pure and CT-
Straight, respectively. These results show that the integrated straight
fiber has limited effects on delaying crack propagation and improving
the ERR of the epoxy.

3.3.2. Integration of PLA overlapping curl

Fig. 6 shows the representative overall results of the series CT-
OC_Z10. The CT-Pure results are also plotted as a reference. From Fig.
6(a), one can observe that, when compared to the CT-Pure, in the CT-
0OC_Z10, there is an abrupt load drop after the peak load (marked by a
triangle in the load—displacement curve). The inserted figure in the plot
marked with a triangle shows a close up of the region of the crack tip
at this load drop. As the crack starts to propagate, one can observe an
opening gap between the epoxy and OC before the crack tip reaches the
OC. This void affects the integrity of the surrounding epoxy matrix and
leads to a load drop marked by the triangle in the load-displacement
curve up to point 1 when the crack reaches the OC. With the crack
propagating further, the OC starts to unfolds and withstands a residual
load behind the crack tip (from Fig. 6(d)-point 2 to point 6). As a result
of this OC-effect, the CT-OC_Z10 shows a higher load than CT-Pure
at the same displacement. In Fig. 6(b), it is shown that from crack
length ¢ > 18 mm, there is a 8% decrease in crack propagation due
to this overlapping curl effect compared to the CT-Pure - highlighted
in the gray. As a result, the energy release rate values for CT-OC_Z10
increase to 88.65 + 5.05kJ/m? between a = 15.5mm to @ = 25mm in
comparison with 80.79 + 4.67kJ/m? in the pure specimen. At points 5
and 6, however, the toughening effect is no longer significant.

Fig. 7 shows the representative overall results of CT-OC_Z5. The
CT-Pure results are also plotted as a reference. In Fig. 7(a), a similar
load drop also occurs after the peak load as in CT-OC_Z10, but is
less pronounced. As the crack tip reaches the OC (point 1), the slope
decreases significantly as the OC starts to share part of the carrying
load. This is again shown by a higher load than CT-Pure at the same

displacement. Due to the smaller curl size of OC_Z5, the hidden length
is shorter and the OC breaks at lower crack length 23.5mm when
compared to OC_Z10 (Fig. 7(d)-point 4). The OC_Z5 also demonstrates
crack delaying ability in epoxy with a decrease of 11% on the crack
propagation, as shown in Fig. 7(b). This also has a significant effect
on the average ERR values of CT-OC_Z5 91.03 + 5.45kJ/m? - see Fig.
7(c). From Fig. 7(d)-point 3, we observe an epoxy ligament to form
and develop. The ERR remains higher than the CT-Pure through the
whole crack propagation. Contrary to CT-OC_Z10, even after the ERR
values start to decline (a > 27.5 mm), the values of the CT-OC_Z5 do not
collapse with the values of CT-Pure. The obtained ERR values for all CT
configurations are summarized in Table 4. Among the integrated PLA
structure reinforcements, the OC_Z5 results in the largest improvement
of the energy release rate of the epoxy by 13%. It is important to note
that, after testing, a significant plastic deformation was present in the
CT-specimens; therefore, the energy release rate, which includes both
elastic and plastic contributions, should only be used as a comparative
indicator across different specimens and not as an absolute value of
fracture toughness. The calculated ERR values reflect the combined
effects of elastic and plastic energy dissipation and are suitable for
assessing the relative improvements between different designs.

3.3.3. Toughening mechanisms by in-situ observations

To better understand and analyze the CT fracture process and
toughening mechanisms triggered by the embedded OC that affect the
ERR, Fig. 8 shows for each CT-series, in-situ photos of the crack tip,
the corresponding energy release rate data points, and the fracture
surface topography taken after testing. The CT-Pure result is shown as
a reference.

In the CT specimens with impregnated OC, CT-OC_Z10 and CT-
OC_Z5, as the crack tip starts to propagate, the first disturbance that
encounters is a void created by the curl of OC. With the integration
of a reinforcement structure like OCs, a void is created in the epoxy
matrix along the boundaries of the curl. The voids created by the OCs
are clearly visible before the crack passes by the OC (point 1 of Fig.
8(c) and (d)), and post mortem on the fracture surfaces, as outlined by
the white dashed ellipses in Fig. 8(c) and (d). As the crack reaches the
void, there is a load drop identified both in CT-OC_Z10 and CT-OC_Z5
— see Figs. 6(a) and 7(a). After passing the void, the crack re-initiates,
leading to the redevelopment of the fracture process zone.
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Fig. 5. Compact tension representative test results of PLA straight fiber in comparison with pure epoxy: (a) normalized load P versus displacement (the normalized
load equals the value of load divided by the specimen’s actual thickness), (b) crack length versus displacement, and (c) energy release rate versus crack length.
The gray area in (c) outlines the region considered to calculate the average energy release rate: the range of reinforcement influence until the energy release
rate starts to decline. (d) Images of the microscope close to the crack tip of the specimen CT-Straight from point 1 to 6. The red circle in (a) indicates the PLA

straight fiber breaking position.

Parallel to this, as the crack reaches the position of OC (around
crack length a = 15.5mm), the sacrificial bond breaks and the hidden
length of the curl starts to unfold. From this point, the load-capacity
of the OC increases, allowing it to partially support the overall load in
the CT specimen, and the OC bridging mechanism begins to take effect
and contributes to the ERR improvement. As discussed in Section 3.3.1,
the straight fiber in CT-Straight, as it does not have a hidden length,
immediately shows necking and its load-capacity decreases. Therefore,
its bridging effect is negligible and the ERR values remain the same as
in CT-Pure. While both CT-OC_Z10 and CT-OC_Z5 show an increase in
the ERR due to the existence of the overlapping curls.

Even though the shorter hidden length leads to the early break of
OC_Z5, compared to OC_Z10 (after point 3 in Fig. 8(c) and (d)), CT-
OC_Z5 exhibits better ERR improvement than OC_Z10. This is believed
to be related with the formation of an epoxy ligament in CT-OC_Z5
only present on this specimen type as indicated by the arrow in Fig.
8(d)-point 2. The fracture surface images below the ERR plots give
an illustration of this epoxy ligament phenomenon. From Fig. 8(a)
and (b), it is clear that CT-Pure and CT-Straight have smooth fracture
surfaces and their ERR values are comparable. In the fracture surfaces
of CT-OC_Z10 (Fig. 7(c)), the surface is rougher before a = 25.2mm
because of the micro-cracks formation of the void and the ERR increases
accordingly. But after crack length a = 25.2mm, the fracture surface is
as smooth as the above CT-Pure and CT-Straight specimens and the ERR
values jump back to the CT-Pure. This epoxy ligament observed only on
the CT-OC_Z5 might be related with crack twisting effects triggered by
a small curl size OC. This crack twisting increases the ERR as it creates a

crack branching and an increase on the fracture surface [39]. To better
quantify this crack formation, Table 5 shows the surface roughness
measured along three selected lines (j, ii, and (iii). The CT-Straight and
CT-OC_Z10 show similar values of roughness. However, in CT-OC_Z5,
especially after point 2 - Fig. 7(d), the epoxy ligament starts to form,
which also leads to a rougher fracture surface (R, = 383.1 + 3.3 mm)
throughout the crack path. Once the epoxy ligament is triggered from
the end position of the curl of OC_Z5, it is further developed and leads
to an extra toughening mechanism, subsequently delaying the crack
propagation and improving the ERR.

Based on the experimental result and in-situ observations shown
above, Fig. 9 summarizes the three main toughening mechanisms iden-
tified during crack propagation of CT-OC_Z5 specimen: void created by
the curl of OC, OC bridging, and epoxy ligament. It is important to note
that these three toughening mechanisms were only triggered when the
crack initiation and crack propagation were constrained to pass through
the OC. Nevertheless, it is assumed that by decreasing the dimensions
of the 3D-printed OC, it will be possible to incorporate a larger number
of fibers into the epoxy, and it will no longer be necessary to constrain
crack initiation and propagation to a specific direction, as multiple
OCs distributed throughout the epoxy matrix could activate at different
locations and thereby improve the overall toughness. Confirming this
assumption will be tested in future works.

4. Discussion

In the previous detailed analysis of the CT test results, it is con-
cluded that the integration of the overlapping curl into the epoxy
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Fig. 6. Compact tension representative test results of PLA Z10 overlapping curl in comparison with pure epoxy: (a) normalized load P versus displacement (the
normalized load equals the value of load divided by the specimen’s actual thickness), (b) crack length versus displacement, and (c) energy release rate versus
crack length. The gray area in (c) outlines the region considered to calculate the average energy release rate: the range of reinforcement influence until the
energy release rate starts to decline. (d) Images of the microscope close to the crack tip of the specimen CT-OC_Z10 from point 1 to 6.

introduces complex toughening mechanisms, of which three could
be identified: (1) void, (2) overlapping curl bridging, and (3) epoxy
ligament. The last is only present when the OC_Z5 is integrated in the
epoxy, while the first two occur on both OC-geometries. In order to
better understand the role of each of these toughening mechanisms in
the overall improvement of the crack resistance of the epoxy material,
a finite element analysis has been performed in which each of the three
toughening mechanisms is analyzed separately and compared with the
pure epoxy case.

4.1. Numerical model

Fig. 10(a) shows the 3D Finite Element Model (FEM, thickness =
8mm) built in ABAQUS 2021 to simulate the CT test, including the
mesh and the boundary conditions. The geometry of the model follows
the CT specimens geometry shown in Fig. 2(b). The eight-node brick
elements (C3D8) were used to model the epoxy matrix, implementing
the true stress—strain curve derived from Fig. 4. The crack propagation
within the epoxy was simulated using the eight-node three-dimensional
cohesive elements (COH3D8) with a finite thickness of 0.01 mm. A
bi-linear traction separation law was implemented into the model to
predict crack growth and degradation based on the MAXStress crack
criterion. The stiffness of the cohesive elements was set to 1x10°> N/mm.
The traction and energy release rate values were chosen as 13 MPa
and 70kJ/m? to the best fit of the simulated normalized load versus

displacement curve to the experimental result. The boundary conditions
were applied to the reference points RP1 and RP2. The degrees of free-
dom in the y-direction of the front and back surfaces were constrained
to avoid buckling. A mesh sensitivity was conducted and mesh size was
chosen as 0.4 x 0.4 x 0.4 around the crack path and 0.4 x 0.8 x 0.4 in
the other region.

Fig. 10(b) shows the comparison of the simulated normalized load
versus displacement curves with the experimental results. While some
discrepancies are observed in the detailed shape of the curves, the
model accurately predicts the maximum load and the overall trend
of the experimental curve and closely matches the experimental data.
These findings demonstrate that the model is capable of capturing the
key mechanical behaviors and is effective for the intended analysis of
comparison of the three toughening mechanisms.

4.2. Void effects on CT load versus displacement curves and stress field

The void caused by the integration of the OC into the epoxy was
simulated by removing the elements in a cylindrical shape from the
center of the CT model, as shown in Fig. 11(a). The geometry of the
cross-section of the cylinder for each OC-series is taken from the ellipse
fitted along the edge of the void in Fig. 8(c) and (d). The voids start
5mm away from the initial crack tip, where the OC is integrated in
previous experimental tests. The void depths are assumed to be 4 mm
and consistent for both the OC geometries. The void ellipse formed by
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Fig. 7. Compact tension representative test results of PLA Z5 overlapping curl in comparison with pure epoxy: (a) normalized load P versus displacement (the
normalized load equals the value of load divided by specimen’s actual thickness), (b) crack length versus displacement, and (c) energy release rate versus crack
length. The gray area in (c) outlines the region considered to calculate the average energy release rate: the range of reinforcement influence until the energy
release rate starts to decline. (d) Images of the microscope close to the crack tip of the specimen CT-OC_Z5 from point 1 to 6.

OC_Z10 has a major axis length of 5.6 mm and a minor axis length of
2.4mm, while the ellipse formed by OC_Z5 has a major axis length of
3.6mm and a minor axis length of 2.4 mm.

Fig. 11(b), (c), and (d) show the results of the FEM. Comparing
the load—displacement curves in Fig. 11(b), we can observe a decrease
in the maximum load in the presence of the void. In addition, the
load decrease in CT-Void-OC_Z10 is larger than CT-Void-OC_Z5 because
of its larger void size. These observations are in accordance with the
experimental results — see Figs. 6(a) and 7(a). Fig. 11(c) shows the
section-view of stress field o,, in the epoxy matrix at the region of
the void for both Void-models at the same critical displacement. Fig.
11(d) plots the stress o,, values along the red dashed arrow in Fig.
11(c). From the void’s end corner “A”, ¢, affects a wider region of
the epoxy in CT-Void-OC_Z5 than in CT-Void-OC_Z10, as shown by d,
and d, on the double-headed arrow, indicating more epoxy material
undergoes deformation in CT-Void-OC_Z5. We believe that a larger
volume of material in deformation leads to more non-uniform stress
distribution in the deformed material and is favorable to initiate micro-
cracks, which promotes the corresponding epoxy ligament formation in
the CT-OC_Z5.

4.3. Overlapping curl bridging effects on CT load versus displacement curve
and stress field

To investigate the OC bridging effects on the epoxy matrix solely,
a spring element with nonlinear behavior is used to reproduce the

OC mechanical behavior, as shown in Fig. 12(a). Since the sacrificial
bond breaks before the crack tip reaches it, we only reproduce the OC
response afterwards, i.e., after F,, 3.39N and 10.66 N for OC_Z10 and
0OC_Z5, respectively. This is a simplified model of the OC bridging, in-
tended to aid in understanding the key toughening mechanisms rather
than to fully capture the fracture process.

Fig. 12(b) shows the load vs. displacement curves in comparison
with CT-pure. A very small increase in the normalized load can be
observed in the zoom-in of the peak load. Further on the displacement,
around 20 mm, we can observe a drop in the load for the CT-Spring-
0OC_Z10. This is the position when the OC spring reaches F, and no
longer withstands any load. This drop shows the bridging effect of
the OC. However, this effect is almost negligible in the peak load.
As a result, the contribution of the OC bridging to the overall load
of the CT is almost negligible. Fig. 12(c) shows the effect of the OC-
bridging on the stress field ¢,, on the epoxy matrix, both for OC_Z10
and OC_Z5. The plots are taken at the same critical step, where the
crack tip propagates ahead of the position of OC around crack length
18.19 mm. After the crack reaches the curl position, the holding force
F,, starts to redistribute the stress field around the OC and subsequently
affects the crack propagation. Because of the higher F, value of 10.66 N
of OC_Z5 in comparison with OC_Z10, the OC_Z5 affects the stress field
more than the OC_Z10, causing more significant stress redistribution at
the OC position. This larger effect on the stress field for OC_Z5 possibly
enlarges the fracture process zone and might be one of the causes why
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Fig. 9. Schematic of toughening mechanisms during the crack propagation in the CT-OC_Z5: void created by the curl, OC bridging, and epoxy ligament.
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an epoxy ligament has the tendency to form for OC_Z5 and not for
0OC_710.

4.4. Epoxy ligament effect on the CT load versus displacement response

As discussed in the previous sub-section (Sections 4.2 and 4.3), the
voids and OC-bridging might have an important role in triggering the
crack deflection and epoxy ligament formation. Specifically for OC_Z5,
the smaller void size and larger F, modified the stress field to a larger
extent ahead of the OC, which could contribute to the epoxy ligament
formation in CT-OC_Z5. To show the epoxy ligament effect on the CT
mechanical response, the ligament is simulated in the CT-Pure model
by a region in the cohesive layer that exhibits higher ERR, as shown
in Fig. 13(a). Since only CT-OC_Z5 shows the epoxy ligament, the
starting position of the ligament region is determined by the end of
the corresponding void: 8.6 mm from the initial crack tip. As definitive
parameters of the ligament are difficult to identify, values were varied
within a range to identify their effect on the overall load. Parameters
regarding the ligament region length L = 8, 12, 16 mm and ERR values
ERRjigument = 90, 100kJ/m? are studied for the normalized load versus
displacement response of the CT simulation.

In Fig. 13(b), a significant influence is identified on the load-
displacement curves after the peak load. Similar behavior is also ob-
served in Fig. 7(a) - CT-OC_Z5, where a ligament is experimentally

11

observed. The ligament can significantly affect the CT load capacity.
The longer ligament region L and the higher ligament ERR};yyncn, the
larger will be the increase in the load.

4.5. “Strong” overlapping curl bridging effect on the CT energy release rate
ratio

Based on the previous numerical results, we can conclude that
one of the major contributions to the increase of the ERR of the CT-
OC_Z5 observed in the experiments is due to the ligament formation,
the overlapping curl structure and its mechanical behavior is crucial
to trigger the epoxy ligament, as shown in the stress field ¢,, both
for the void and OC-bridging. Nevertheless, since the CT-Pure peak
load is 39 times higher than the F, of one single curl (OC_Z10, F, =
34.45N), it is important to understand whether a higher OC F, could
significantly enlarge the contribution of the OC bridging to the ERR
enhancement. With increasing F, of the OC, it is expected to increase
the load response in the CT. In order to understand if this would hold
true, a “stronger” OC was simulated by applying a scaling factor to
increase the load-capacity for OCZ5 and OCZ10 while maintaining the
displacement of the spring OC. The load versus displacement curves of
these “stronger” OCs are plotted in Fig. 14(a). As a result, the ultimate
load F, of these strong OC_Z10 and OC_Z5 achieves approximately the
same magnitude but with different hidden lengths.
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Fig. 13. (a) Compact tension finite element model considering the epoxy ligament region and its corresponding energy release rate on (b) the normalized load
versus displacement curves. The ligament region is located 8.6 mm from the crack tip, just beyond the end corner of the void geometry.
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Fig. 14. (a) The input load versus displacement curves of overlapping curl simulated by spring element to produce OC bridging effect. The failure load F, of
Spring-OC_Z10 and Spring-OC_Z5 are adjusted by applying a scaling factor to achieve approximately the same magnitude. (b) The Spring-OC_Z10 and Spring-
OC_Z5 bridging effects on the energy release rate ratio, ERR/ERR,, with the increased overlapping curl failure load. ERR represents the energy release rate in
CT-Spring-OC simulations at the crack length where the OC breaks and the failure load F, is reached. ERR,, refers to the energy release rate in CT-Pure results

at the same crack length.

Fig. 14(b) shows the results of the “stronger” OC CT-simulations
by plotting the ERR/ERR, as a function of the OC F,. The ERR value
is taken at crack length where the F, is reached — just before OC
breaks, while ERR, is the ERR at the same crack length but taken
from the CT-Pure. It is evident that as the F, increases, the ratio
ERR/ERR, increases accordingly, indicating a progressively bridging
effect. In addition, the hidden length plays an important role in the
bridging effect. The shorter hidden length of OC_Z5 causes it to break
prematurely during the crack propagation process, limiting its bridging
effect. Contrary to this, the OC_Z10 with longer hidden length shows a
higher ERR/ERR,, value than OC_Z5 at the same F, value. From Fig.
14, we see that with “stronger” overlapping curls, the OC bridging
effect becomes more significant. This indicates that new materials and
technologies are worth investigating to manufacture OCs with a stiffer
response and higher failure load to further explore the OC-toughening
mechanisms in the epoxy matrix. Moreover, advances that allow the
fabrication of smaller OCs would make it possible to incorporate a
larger number of fibers into the epoxy, permitting their simultaneous
activation and ultimately improving the overall fracture toughness.
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5. Conclusions

In this work, a novel design by impregnating a bio-inspired overlap-
ping curl structure, consisting of sacrificial bonds and hidden lengths,
into a bio-based epoxy is proved to be able to improve the epoxy
fracture resistance. Three key mechanisms are identified and analyzed
that underpin the observed toughening effect: (1) crack re-initiation
created by the void, (2) OC bridging effect, and (3) epoxy ligament,
which delayed crack propagation and improved energy release rate by
up to 13%.

The experimental results showed that the hidden length topology
feature is crucial for the increase in toughness, as the crack propagation
and ERR of the epoxy with the straight fiber remain the same as in the
pure specimen (no reinforcement).

The impregnated OC triggers complex fracture processes. As re-
vealed by the in-situ observation, after the crack passes through the
OC, the crack needs to re-initiate after passing the void created by the
OC. Then, the OC exhibits a bridging effect due to the hidden length
unfolding after the sacrificial bond break. For smaller hidden lengths,
the local stress redistribution caused by the OC bridging can enlarge the
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fracture process zone, and promote the formation of epoxy ligament,
possibly related with crack branching. The epoxy ligament plays the
most significant role in the ERR improvement in CT-OC_Z5.

The curl geometry and mechanical properties are important char-
acteristics of the overlapping curl, which are also essential for the
epoxy ligament formation. The OC_Z5 with a smaller curl size shows
a higher holding force 10.7N, causing more pronounced local stress
field redistribution and enlarging the fracture process zone ahead of the
crack tip when compared to OC_Z10. This might have an effect on the
triggering of the epoxy ligament, which delays the crack propagation
by 11% and improves ERR up to 13%.

This paper proves the concept of using the 3D-printed overlapping
curls structure to toughen the bio-based epoxy, despite the limited
improvement in ERR to a 13% increase. This limitation arises from the
high ERR values (80.8 kJ/mm?), attributed to the large plastic dissipa-
tion energy of the epoxy, compared with the relatively low overlapping
curl load-capacity (34.5N). From the parametric study using FEM, an
OC with a higher failure load can achieve a higher bridging effect. In
addition, considering only the OC bridging effect without any epoxy
ligament effect, FEM simulation shows that the overlapping curl with a
longer hidden length is more effective in increasing the energy release
rate than the shorter hidden length.
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