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Spider silk is known for its excellent strength and fracture resistance properties due to its molecular design
structure, characterized by sacrificial bonds and hidden lengths. These structures have inspired reinforcements of
synthetic polymer materials to enhance toughness. In this study, we mimic these natural toughening mechanisms
by designing and manufacturing 3D-printed polymeric structures incorporating overlapping curls consisting of
coiling fiber with sacrificial bonds and hidden lengths. Utilizing the liquid rope coiling effect, we manufactured
overlapping curls using three polymers: polylactic acid (PLA), liquid crystal polymer (LCP), and polyamide 6
(PA6). Uniaxial tensile tests were performed to characterize the mechanical properties of overlapping curl as
a function of geometries, post-treatments, and material constitutive parameters. Our results show that single-
sided overlapping curls can fully unfold while double-sided curls are prone to premature failure. Heat-pressure
post-treatment was found to significantly increase the load-capacity of the sacrificial bonds by up to 77 % due
to increased contact area. However, the defects introduced in the fibre after the break of the sacrificial bonds,
make the structure more susceptible to premature failure, limit the complete unfolding of the hidden length, and
lead to a decrease up to 67 % of the toughness. To guarantee the complete unfolding of the hidden lengths and
improve the toughness, we demonstrate that selecting a polymer material with either high fracture strength (e.g.,
LCP, 311 MPa) or high fracture strain (e.g., PA6, >2) is crucial, and increase toughness up to 32 % and 46 %,
respectively.
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ture. Various applications have adopted this mechanism to develop
high-performance biomimetic materials, such as hydrogels [10,11] at
a microscopic scale, elastomers [12-14] and composites [15,16] at a

1. Introduction

With the appeal to sustainability requirements in engineering, robust

and eco-friendly load-bearing materials are in high demand. Natural
materials, with billions of years of evolution, provide plenty of sophisti-
cated and hierarchical material structures that exhibit strength and frac-
ture resistance at low environmental costs, for example, spider silk [1,2],
bone [3,4], and nacre [5,6]. These hierarchical structures have inspired
composite material design to improve its intrinsic lower properties such
as toughness [7,8] and impact performance [9]. One of the stiffening
and toughening mechanisms contributing to the superior mechanical
properties is the overlapping curl (OC) structure which consists of a
coiling fiber with sacrificial bonds and hidden lengths. This structure
allows, upon stretching, for the break of the weak sacrificial bonds and
the release of hidden lengths, e.g., the f-sheet in spider silk (Fig. 1(a)),
providing a residual stiffness and strength that retards complete frac-
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macroscopic scale.

In recent years, progress in engineering materials and processes has
driven the development of 3D-printing technology and allowed new
applications such as shape memory structures [17], composite mate-
rials [18,19], and 4D printing [20,21]. The macroscopic overlapping
curl structures can also be fabricated by 3D-printing processes such as
melt electrowriting [22,23], directing ink writing [24,25], and fused
filament fabrication [26-28]. Among them, fused filament fabrication
is a mature and widely adopted approach to produce complex geome-
tries [29,30] with a wide range of engineering materials, including
thermoplastics [26], glass [31], and carbon fiber reinforced compos-
ites [32]. Based on the liquid rope coiling (LRC) effect [33,34], where
the coiling of a viscous fluid occurs through buckling during falling from
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Fig. 1. (a) Schematic of spider web and spider silk structure. Adapted from original references [14,36,37]. (b) Schematic of the overlapping curl structure manufac-
turing process. The sacrificial bond is formed by the upper filament contacting the bottom filament. The curl is the ellipse shape of the overlapping curl filament

closed by sacrificial bonds.

a sufficient height, fused filament fabrication with LRC has been used to
fabricate the OC structures in an off-the-shelf, rapid, and cost-effective
way. Under the foundation of the experimental and analytical investiga-
tions [24,28,35], by a proper selection of printing parameters, such as
nozzle moving speed, filament extrusion value, deposition height, noz-
zle oscillation, etc., a rich variety of periodic overlapping curl patterns
could be generated.

Works have combined 3D-printing and polymers to design the OC
structures and desired mechanical properties [14,25-27]. Passieux et
al. [25] tailored the mechanical properties of polylactic acid OC by
various patterns through adjusting printing parameters. The results in-
dicated that the toughness improvement is directly related to the hidden
length extension. A complete release of hidden lengths led to a maximal
200 % toughness enhancement compared to straight lines. Subsequently,
Zou et al. [26] investigated the mechanics behind premature failures
of OC before a complete extension of hidden lengths, attributing them
to local bending and torsion stresses during hidden length unfolding.
Cellular or foam structures based on overlapping curls were also fab-
ricated with tunable stiffness. Using silicone, Ma et al. [28] fabricated
silicone cubes with OC pattern line by line, layer by layer. As the cubes
are compressed, the touching and densifying between the OC layers in-
duce the variable larger nonlinear deformation according to the unit
pattern of OC. Willemstein et al. [27] designed the porosity structure
with the unit cell of coils and programmed the density, stiffness, and en-
ergy dissipation. Significant variations were achieved, including an 89 %
reduction in density and a 246-fold increase in compression modulus.
Both examples provide new ideas for variable stiffness and functional-
ized materials by using OC structure. Previous studies mainly focused on
the as-printed curls properties and are limited to non-structural material
(low strength and low stiffness - Young’s modulus 3~2500 MPa, tensile
strength 1~60 MPa). However, research on how to improve the over-
lapping curl toughness after printing and the influence of the material
properties is still limited.

This paper seeks to address this research gap in order to explore
these bio-inspired structures to their full potential to improve the tough-
ness of structural materials, such as composite material or bio-based
polymer resin. To accomplish this, heat and pressure post-treatments
have been applied to improve the sacrificial bond load-capacity us-
ing three distinct polymer materials, polylactic acid as the reference
(Young’s modulus~2588 MPa, tensile strength~58 MPa), liquid crys-
tal polymer as high strength and high stiffness material (Young’s
modulus~5820 MPa, tensile strength~311MPa), and polyamide as a
very ductile material (elongation~200 %).

Table 1

3D-printing and post-treatment temperatures for the overlapping curl

structures.
Material PLA LCP PA6
Melting temperature (°C) 210 [39] 280 [40] 260 [41]
Glass transition temperature (°C) 60 [42] ~120 [43] 72 [41]
Nozzle temperature (°C) 275 360 275
Platform temperature (°C) 80 100 80
Post-treatment temperature (°C) 80 270 [44] 80

2. Materials and methods
2.1. Materials

Three commercial polymer materials were used to manufacture
overlapping curl structures. Polylactic acid filament (PLA, ReForm™ -
rPLA) was purchased from Formfutura BV company (Nijmegen, Nether-
lands). The liquid crystal polymer (LCP, Vectra A950) was purchased
from NematX AG (Ziirich, Switzerland). Polyamide filament with major
Polyamide 6 content (PA6, F3 PA Pure Pro) was obtained from Fib-
erthree GmbH company (Darmstadt, Germany). The melting and glass
transition temperatures of these materials from datasheets and refer-
ences are listed in Table 1.

2.2. Manufacturing of overlapping curl

Fig. 1(b) shows the fused filament fabrication 3D-printing manufac-
turing process of overlapping curl consisting of coiling fiber with sac-
rificial bonds and hidden length by adopting the LRC effect. A custom-
written g-code, combining the nozzle horizontal moving speed F, fila-
ment extrusion value E, and the nozzle height Z was sent to a commer-
cially available 3D printer (Prusa i3 MK3S+). Two nozzles with different
diameters: 0.4 mm and 0.8 mm were used to print the curls with different
filament diameters d. After the extruded molten polymer filament solid-
ified in ambient air, the weakly fused sacrificial bonds were formed by
the upper filament contacting the bottom filament. The printing temper-
atures and processing conditions are summarized in Table 1. To achieve
a strong sacrificial bond, we set the printing temperature higher than
the material melting temperature which kept the extruded filament in
the melting state longer. The printing platform temperature was also set
at a high value to reduce the heat loss due to the air heat radiation [38].

For each nozzle size (0.4 mm and 0.8 mm) and each printing material
(PLA, LCP, and PA®6), four overlapping curl topologies were manufac-
tured: single (S) or double (D) directional curl, and curl size controlled
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3D-printing parameters and structures of PLA overlapping curl. Z: nozzle height, F: nozzle moving

speed, and E: the filament extrusion value.

Nomenclature Nozzle size Orientation F E Resulting
(mm) (m: (mm/min) (mm/min) OC structure

PLA0.4S 710 0.4 Single 10 750 75 O00000
5 mm
PLA_0.4.S_Z5 0.4 Single 5 750 75 w
> mm
P
PLA0.4DZ10 0.4 Double 10 1000 60 M
5 mm
PLA_0.4.D_Z5 0.4 Double 5 1000 60 m

> m

by the two nozzle height 10 mm (Z10) and 5 mm (Z5). Table 2 summa-
rizes the printing parameters used for the four topologies, for the ex-
ample of PLA material using 0.4 mm size nozzle, presenting the nomen-
clature, ‘Material_Nozzle size_Orientation_Nozzle height’. The filament
diameter d of OC manufactured with a 0.4 mm nozzle is approximately
0.55mm and 0.8 mm nozzle is approximately 0.88 mm. When printing
the curl using PA6 with a nozzle size 0.8 mm, the printing process was
unstable and a significant amount of air bubbles could be observed.!
Therefore, this overlapping curl structure was not included in this work
further.

2.3. Post-treatment on overlapping curl

With the aim to modify the sacrificial bonds load-capacity, two types
of post-treatments were applied to the as-printed curl structures: heat
and heat-pressure. The post-treatment temperatures for each material
were carefully selected to avoid thermal degradation of the material
[29] —see Table 1. In the heat treatment, the as-printed samples were put
into a vacuum oven and heated for 6 hours. For the heat-pressure treat-
ment, during the same heating process, metal plates with 3.2 N weight
were placed on top of the OC samples to provide additional pressure at
sacrificial bonds (5 samples in one heat-pressure treatment).

2.4. Contact area in sacrificial bonds

The macrostructure of OC was analyzed by X-ray computed tomog-
raphy (X-ray CT, CoreTOM, TESCAN, Belgium). The X-ray source was
powered by a voltage of 120kV and a current density of 0.75 mA with
1920x1896 pixels silicon flat panel detector. The scanning consisted
of 1440 images at a rate of 10.5images/s with a voxel size of 25 um.
Once the 2D images were acquired, the 3D volume reconstruction was
carried out on Panthera 1.4 software. 3D volumes were visualized
through the commercial software Avizo (Avizo, Thermo Fisher Scien-
tific, Massachusetts, USA). Post-mortem scanning electron microscopy
(SEM, JSM-7500F, JEOL Co., Japan) was employed to visualize the
fracture surface morphological characteristics of sacrificial bonds. An
example of the fracture surface is given in Fig. 2(a) - right hand side
photo.

In order to measure the contact area C, in the sacrificial bonds, we
utilized the X-ray CT to scan the geometry profile of the overlapping
curl. To quantify the value of C,, we adopted the discrete approxima-
tion method that splits the contact area into several small triangles and
trapezoids and then sums the sub-areas up. The C 4, was then determined

1 With lower printing temperature, the air bubbles can be decreased but at
the expense of weak sacrificial bonds which is not preferred.

as an approximation of the C4 shown in the SEM picture (Fig. 2(a)) by
using the X-ray values for the contact length /; and translated distance
d; between the two adjacent slice planes shown in Fig. 2(b). The expres-
sion for calculating C, is,

5
Cy= é Y)-d, @
i=1

where d, is the total distance between the 1st and 7th slice planes,
6

ie, d,= Z d;. The accuracy of the proposed method is validated by
i=1

a 3 % error when measuring the hypothetical ellipse area (resembling

the shape of the contact area of the sacrificial bond) compared to the

actual value.

2.5. Mechanical testing

Tensile tests were conducted using a universal Zwick loading frame
to obtain the mechanical properties of overlapping curl samples with
a 100N loadcell. The loading was in displacement control at a rate of
5 mm/min and the displacement was measured with a mechanical exten-
someter. The experimental setup for overlapping curl testing is shown
in Fig. 3. The OC sample was bonded to tabs with a step-wise shape
to ensure that the loading axis aligns with the filament. The tabs were
then clamped by the load frame grips to avoid sample damage at the
grip location. At least five specimens of each OC structure were tested.
In the Z10 specimens, the gauge length covered 6 curls, while in the Z5,
covered 10 curls.

3. Results and discussion
3.1. Mechanical parameter definition

As shown in Fig. 4(a), the typical force-displacement curve starts
from a rising load up to point i until the first sacrificial bond breaks
followed by a load drop. As the load increases, the curl unfolds till a
cusp forms at point ii, unravelling the hidden length of the curl. At this
point, the cusp still contains some hidden length. Then, the OC initiates a
straightening process again with a subsequent increase in the load up to
the next load drop, as the second sacrificial bond breaks (point iii). The
sacrificial bonds break one by one, resulting in a saw-tooth tensile curve.
After all the sacrificial bonds break and curls unfold into cusps at point
iv, the remaining hidden lengths in cusps start to further extend until
the ultimate failure of the filament (point v). It should be noted that
during hidden lengths unfolding, the filament in the curl first experi-
ences bending and torsion loading [26]. After the hidden lengths totally
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Fig. 2. (a) X-ray CT observation of sacrificial bond. The contact area in the sacrificial bond was outlined in SEM image. (b) The slice planes used to estimate the

contact area.

P

|t

Fig. 3. Mechanical set-up for overlapping curl tensile test. The zoomed image
highlights one testing OC sample.

unfold, the loading state changes to axial tension. To better quantify
the mechanical properties of overlapping curl, we define some critical
parameters as seen in Fig. 4(a):

» F,, sacrificial bond load-capacity: the force to break sacrificial
bonds. We hypothesize that F,, is related to the contact area C,
in the sacrificial bond;

F,, ultimate maximal load: the maximal force value right before the
failure of OC filament. It is assumed that this value is only valid after
at least one sacrificial bond breaks and the corresponding hidden
length unfolds.

D, the unfolding percentage of hidden length.

la

T (=-1xly
where /; is the unfolding hidden lengths between the immediate
break of the first and last sacrificial bonds, as indicated in Fig. 4(a).
I, is the perimeter of each curl and is calculated by the measured
average curl geometries in each tested overlapping curl sample. n
is the number of broken sacrificial bonds in the sample: n = 6 for
Z10 and n = 10 for Z5 samples.

Al: the maximal axial displacement upon ultimate filament failure.
Er, toughness: the ability to absorb energy during the OC ten-
sile process. It is represented by the shaded area under the force-
displacement curve per unit mass as follows [45]:

p (2)

Al
Fdl
Ep= IOT 3)

where m is the mass of tested sample.
3.2. Material constitutive properties

The polymer material constitutive properties were determined by
testing the straight lines also fabricated with LRC effect through increas-
ing F and decreasing E. The straight lines had the same cross-section
diameter as the overlapping curl filament, except for the LCP straight
line (d = 0.75 mm) whose diameter was smaller compared to the OC fila-
ment (d = 0.88 mm). We assume that the mechanical properties are con-
stant in this small diameter variation. The testing setup for the straight
line is the same as the overlapping curl (described in Section 2.5) with
at least five straight lines tested for each material. Tensile tests were
performed before and after heat treatment and the material constitutive
properties are summarized in Table 3. We see that the LCP exhibits the
highest Young’s modulus (more than twice that of PLA and PA6), ten-
sile and fracture strength (more than five times), and PA6 demonstrates
extraordinarily high fracture strain compared with PLA and LCP (one
to two orders of magnitude higher). In general, the heat treatment im-
proved Young’s modulus and tensile strength of the materials, due to
enhanced molecular alignment, increased crystallinity, and the release
of residual stress from fabrication [44,46-49].

3.3. Mechanical analysis of PLA overlapping curl

3.3.1. As-printed overlapping curl

To study the effect of the nozzle size, nozzle height, and curl’s orien-
tation on the tensile properties, the tensile results of these overlapping
curl structures manufactured from PLA material were analyzed. Fig. 5(a)
and 5(b) show the typical saw-tooth force-displacement curves of PLA
single and double OC under axial load, respectively; however, they ex-
hibit distinct failure responses.

From Fig. 5(a), in the single OC, all the sacrificial bonds break and
the hidden lengths fully unfold until the ultimate filament failure. It can
be seen that the samples printed with 0.4 mm nozzle size (PLA_0.4_S_Z10
and PLA_0.4_S_Z5) show a plateau after reaching the peak load corre-
sponding to the necking observed during the tests. While the samples
printed with the thicker nozzle (0.8 mm) show brittle failure after reach-
ing F,. This distinct behaviour might be due to size effects in the PLA
material and non-uniform stress distribution in the cross-section of the
filament, which was also observed in [25,26,50].

In contrast, the double OC (Fig. 5(b)) experiences premature failure
where the filament fails before all the sacrificial bonds break and hid-
den lengths unfold, demonstrating a truncated elongation. Especially,
the thicker double ones (PLA_0.8_D_Z10, Z5) fail ultimately before any



Z. Xu, R. Tao, K. Masania et al.

(@ 25 (b)

N
20 -

)
o

T

A
v

Displacement (mm)

Materials & Design 247 (2024) 113361

1 i il v v

Fig. 4. (a) Schematic for overlapping curl force-displacement curve. (b) The snapshots of the sample deformation during the tensile test process. The red circle
denotes the position of the broken sacrificial bond. The rectangle shows the cusp in the curl after the hidden length unfolds.

Table 3

Mechanical properties of straight lines printing materials before and after heat treatment.
Material PLA Lep PAG

as-printed heat as-printed heat as-printed heat

Young’s modulus (MPa) 2588+81 2643+112 5820+195 7089+232 206497 2885+357
Tensile strength (MPa)* 58+0.74 67+4.4 311+20 359+21 59+0.71 68+1.7
Fracture strength (MPa)® 54+1.8 59+8.8 311+20 359+21 47+0.97 58+2.5
Fracture strain (-) 0.033+0.002 0.037+0.0014 0.15+0.014 0.16+0.025 >2 >2

2 Tensile strength is the maximal stress in the stress-strain curve.

b Fracture strength is stress where the straight line fractures.

sacrificial bond breaks. Such a premature failure may stem from the
manufacturing stage. In Fig. 5(c), the patterns of single and double OC
are predicted by the geometric model of liquid rope coiling effect [35],
and the extruded filament movement periodic orbits are also described.
In the single OC, the extruded filament moves in a self-similar man-
ner, maintaining a consistent orbit curvature as it is deposited onto the
printing platform. While in double OC, the extruded filament experi-
ences much larger orbit curvature variations which leads to possible
more stress concentration and premature failure during loading in com-
parison with the single counterpart.

Looking into the initial part of these force-displacement curves, we
find that the initial stiffness is different among the single and double
overlapping curl. The single OC shows similar initial stiffness regardless
of the nozzle size and curl’s size (Fig. 5(a)), while there is a consid-
erable variation in the initial stiffness of the double OC, see Fig. 5(b)
in the zoomed box. The stiffness in 0.8 mm double OC is higher than
the 0.4 mm counterpart because of its thicker filament diameter. Be-
sides, PLA_0.8_D_Z5 has higher stiffness than PLA_0.8_D_Z10. In order to
understand this phenomenon, Fig. 5(d) plots the geometric curvature be-
tween the two adjacent sacrificial bonds. When overlapping curl is under
tension, before the first sacrificial bond breaks, a higher force is needed
to straighten the filament between sacrificial bonds of PLA_0.8_D_Z5 due
to its larger curvature. Therefore, the orbit curvature and geometric cur-
vature of OC demonstrate critical effects on its mechanical response,
such as causing premature failure and increasing initial stiffness.

Fig. 6 summarizes F;, and F, values of each overlapping curl struc-
ture. For a given nozzle size, the F; is almost the same regardless of the
nozzle height (Z) and curl’s orientation (S or D). However, the F,, and
F, for 0.8 mm nozzle size are higher than the corresponding 0.4 mm -
see Fig. 6(a). The filament cross-sectional area is larger in 0.8 mm than
in 0.4 mm which leads to the higher F,. To further understand the fac-
tors that determine F,,, the contact area C, in the sacrificial bond was

calculated by Equation (1) and plotted in Fig. 6. Based on the X-ray CT
observation, PLA_0.8_S_Z10 has a larger C, value, leading to the larger
F;, than PLA_0.4_S_Z10. However, although the C, in PLA_0.8_S_Z10 is
larger than PLA_0.8_S_Z5, the latter exhibits a higher F,;. This indicates
that F, depends not only on the contact area but also on the filament’s
remaining temperature when the sacrificial bond forms. Since the noz-
zle height is shorter in PLA_0.8_S_Z5, the temperature in the extruded
filament is still high because of the shorter cooling time before the up-
per and bottom filaments contact each other. Therefore, the upper and
bottom filaments contain more melted content material, which results
in a stronger sacrificial bond. This phenomenon compensates for F; in
PLA_0.8_S_Z5, despite the smaller C,. The same reasoning is valid when
comparing PLA_0.8_S_Z5 with PLA_0.4_S_Z10 and PLA_0.4_S_Z5, where
a larger nozzle is more effective in maintaining the temperature of the
extruded filament due to the increased extrusion volume of molten ma-
terial [38].

In Fig. 6(b), the C4 of PLA_0.4_D_Z10 has a larger standard devi-
ation due to the noticeable difference in the curls’ shape inherent to
this double OC topology. As observed in Fig. 6(b), PLA_0.8_D_Z10 and
PLA_0.8_D_Z5 show premature failures, with no sacrificial bond break,
limiting the data. It is clear from Fig. 6 that, F; is always smaller than
the corresponding F,. To improve toughness of the overlapping curl
structures, ideally, F,, would reach as close as possible to the value of
F,. Therefore, we seek to increase Fj; through post-treatments applied
to the overlapping curl.

3.3.2. Post-treated overlapping curl

Fig. 7 plots the force-displacement curves of the PLA overlapping
curls with single orientation (S) before and after post-treatments. In
general, after heat treatment, F,, stays the same and F, presents an
increase but with less unravelling of hidden length. The tensile strength
of PLA material increases after heat which leads to a higher F, in
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Fig. 5. (a) Representative force-displacement tensile curves of PLA single overlapping curl. The red rectangle in the insert picture shows the necking of filament before
ultimate failure. (b) Representative force-displacement tensile curves of PLA double OC and the insert is the zoomed curve. (c¢) Comparison of the predicted patterns
(red dashed line) and the extruded filament movement periodic orbits (red line) of PLA single and double OC based on geometric model [35]. (d) The geometric
curvature between two adjacent sacrificial bonds on PLA 0.8 mm double OC. The insert picture highlights the x-axis location of the graph of the overlapping curl
geometry.
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Fig. 7. Comparison of representative force-displacement tensile curves between the as-printed and post-treated single overlapping curl for (a) PLA_0.4_S_Z10, (b)
PLA_0.4_S_7Z5, (c) PLA_0.8_S_710, and (d) PLA_0.8_S_Z5. The inserted pictures show the fractured pieces of filaments.

PLA_0.4.S_710, Z5, and PLA_0.8_S_Z10, as shown in Fig. 7(a), 7(b),
and 7(c). While the PLA_0.8_S_Z5 (in Fig. 7(d)) shows different failure
modes. The as-printed OC can be fully straightened until the filament
breaks at the middle position of the curl. While the heated ones break
much earlier at the top or near the middle position of the curl, as ob-
served from the inserted pictures in Fig. 7(d), possibly due to bending
and/or torsion failures. The PLA_0.8_S_Z5 heated samples break before
the complete hidden length unfolds resulting in a lower F,.

After heat-pressure treatment, F,, exhibits a noticeable improve-
ment but F, decreases. As highlighted in the inserted photos in Fig. 7(c)
and 7(d), after heat and pressure the samples with thicker nozzle diame-
ter (PLA_0.8_S_Z5 and PLA_0.8_S_Z10) break before complete unfolding
of the hidden lengths resulting in lower F,. However, the PLA_0.4_S_Z10
(Fig. 7(a)) is an exception, where the hidden length can still fully unfold
and F, is higher. This is owing to the thinner filament and bigger curl
size in this structure, possibly leading to less stress concentration in the
curl, preventing premature failure.

Fig. 8 shows the force-displacement curves of the PLA overlapping
curls with double orientation (D). After heat and heat-pressure treat-
ments, the samples with thinner nozzle size (0.4 mm) some of the sacrifi-
cial bonds can still break in PLA_0.4_D_Z10 and PLA_0.4_D_Z5 (Fig. 8(a)
and 8(b)) and F;, shows an increasing trend. Nevertheless, as discussed
in Section 3.3.1, the double orientation overlapping curls tend to ex-
perience premature failure and this phenomenon is aggravated after
post-treatments, where only limited sacrificial bonds can break. Due

to the premature failure of the as-printed and post-treated PLA double-
orientation overlapping curls, it was decided to focus the analysis further
on the single-orientation overlapping curl topologies.

To further understand the increase of F, after post-treatments,
Fig. 9(a) compares F, against the C, of as-printed with heat and
heat-pressure PLA overlapping curl. We see that neither C, nor its cor-
responding F,, change significantly after heat treatment. Therefore, it
can be concluded that the heat treatment alone has negligible effects
on Fy,. While the heat-pressure treatment improves F,, and the corre-
sponding C4. Under the heat and pressure, the upper filament squeezes
the bottom filament in the sacrificial bonds which results in the bigger
C, value. The increase in contact area explicitly increases the contact
and adhesion between the upper and bottom filaments at the sacrificial
bonds, resulting in an increased F;; - for example, after heat-pressure
PLA 0.8_S_Z10 F;; increases 77 % with a corresponding C, increase of
54 %.

Fig. 9(c) shows schematics and X-ray CT images of the various con-
figurations of overlapping curl structures to further analyse the increase
of C,. Comparing the different configurations, the inclined angle «
of PLA_0.4_S_710 is relatively small, the upper and bottom filaments
are already closely contacting each other before treatment. After heat-
pressure, the slight decrease in « limits the variation of / and conse-
quently restrains the increase in C 4. While in PLA_0.8_S_Z10, the a value
decreases significantly as the upper filament is compressed, leading to
a greater rise in / (also C,) and the corresponding increase in Fj;. Be-



Z. Xu, R. Tao, K. Masania et al.

15
As-printed
Heat
1L Heat-pressure
~ -
z 9
(o)
5
— 6
3=
0 1 1 1
0 20 40 60 80
Displacement (mm)
(a) PLA_0.4.D_Z10
25
As-printed
Heat
20 L Heat-pressure
g 15+
5]
5
= 10
5 -
0 1 1 1 1
0 2 4 6 8 10

Displacement (mm)
(¢) PLA.0.8.D_Z10

Fig. 8. Comparison of representative force-displacement tensile curves between the

PLA_0.4_D_Z5, (c) PLA_0.8_D_Z10, and (d) PLA_0.8_D_Z5.

sides, PLA_0.8_S_Z5 also shows less C, and F,, increase percentages
than PLA_0.8_S_Z10. The PLA_0.8_S_Z5, featuring a smaller curl’s size
(2.0 mm) in comparison to the 3.6 mm of PLA_0.8_S_Z10, and hence is
stiffer, resisting more to the bending of the upper filament under pres-
sure. Therefore, after heat-pressure, we observe a slight decrease in «
and alteration of / from Fig. 9(c)(ii), leading to the minor increase in
C, and F,.

3.3.3. Sacrificial bond load-capacity effect on ultimate maximal load and
toughness

To further clarify the effect of the increase in F;, on the PLA single
overlapping curl mechanical response, the correlation between F;;, and
F,, as well as F; and Ep, are examined in Fig. 10. Based on Fig. 10(a),
F, decreases with the increasing F;. After heat-pressure, the stress con-
centration in the sacrificial bonds becomes severe. Besides, with F,
increasing and its value approaching F,, the break of sacrificial bonds
can result in damage to the overall overlapping curl filament. Also, the
defects left in the filament after the sacrificial bond breaks are more
severe and more susceptible to fracture. These reasons elucidate the pre-
mature failure in the heat-pressure OC (e.g., PLA_0.8_S_710), where the
failure mode changes from axial failure to bending and torsion failure
after heat-pressure. Consistent with the analysis in Fig. 7(c) and 7(d),
such failure mode transition causes incomplete hidden length, leading
to the decreased F,.

Fig. 10(b) exhibits a declining trend of E; with the improved F,,
after heat-pressure treatment. By comparing the overlapping curl struc-
tures and the corresponding straight lines, it is found that the main
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improved toughness of OC is from the sacrificial bond break and hidden
length unfolding, as also revealed in the previous findings from [25].
Even though the improved F,, can contribute to increasing Er, the ul-
timate toughness is still reduced by losing energy dissipation due to the
reduced number of broken sacrificial bonds and incomplete unfolding of
the curls. As a summary, although F;; increases after heat and pressure
of the PLA overlapping curls structure, the F, and E; decline because
of the premature failure.

3.4. Mechanical response comparison of overlapping curl manufactured by
different polymeric materials

3.4.1. Hidden length unfolding percentage

To understand the effects of material properties on the mechani-
cal response of the overlapping curl structure, specimens manufactured
with LCP and PA6 materials were tested and compared with the PLA re-
sults. Fig. 11 shows the force-displacement curves and average unfolding
percentages p of the three materials for the topology of single orien-
tation curl (S), 5 mm nozzle height (Z5) and two nozzle sizes 0.4 mm
and 0.8 mm. The thinner nozzle size of 0.4 mm shows a 99 % unfold-
ing percentage, while this percentage is reduced for the thicker 0.8 mm.
Namely, LCP material shows only a 46.8 % unfolding percentage for the
thicker nozzle, i.e., a considerable amount of hidden lengths remains in
a curl shape after the sacrificial bond break, as shown in the attached
snapshots. The resistance to the unfolding of the LCP_0.8_S_Z5 comes
from the remarkably high Young’s modulus of LCP material (5820 MPa
—see Table 3), which is more than twice the value for the PLA and PA6.
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Fig. 12. Comparison of sacrificial bond load-capacity variation of overlapping
curl manufactured by PLA, LCP, and PA6 materials.

As the overlapping curl filament diameter increases, a higher sacrificial
bond load-capacity is required to stretch the curl before the last sac-
rificial bond breaks, which can be roughly estimated from the tensile
deformation in the OC filament segment. From Fig. 11, LCP_0.8_S_Z5
has a lower sacrificial bond load-capacity compared to PLA_0.8_S_Z5,
leading to earlier sacrificial bond failure. In other words, the sacrificial
bonds in LCP_0.8_S_Z5 break before the hidden length fully unfolds, re-
sulting in the lowest unfolding percentage.

3.4.2. Sacrificial bond load-capacity

We also applied heat-pressure treatment to the LCP and PA6 single
overlapping curl, aiming to improve the sacrificial bond load-capacity
and toughness. The average F, variation 7, before and after heat-
pressure, is defined as:

—heat—pressure ~ —as—printed
sb ~ s
m= —as—printed “)
sb
—as—printed —heat—pressure
where F are the average F, values for each

overlapping curl structure before and after heat-pressure treatment.

In Fig. 12, the F, of PLA and LCP overlapping curls exhibit a sig-
nificant increase after heat-pressure, while PA6 samples show little
improvement. In order to better understand these differences, Fig. 13
shows SEM images of the sacrificial bond fracture surfaces of as-printed
and after heat-pressure of the three materials. The contact area of the
as-printed surfaces is highlighted by the red dashed ellipses. After heat-

10

pressure, by comparing the morphology of the fracture surfaces, we
could estimate the original contact area contour highlighted in red and
the contact area after heat-pressure highlighted by blue dashed ellipses.
It is clear that the contact area in the sacrificial bond increases in the
heat-pressure for the PLA sample - PLA_0.8_S_Z10. Besides, the fracture
surface is rough, especially in the zoomed area Fig. 13(a)(iii), indicat-
ing a good adhesion, which results in more energy dissipation during the
sacrificial bond break. While in Fig. 13(b), the heat-pressure LCP sample
- LCP_0.8_S_Z10, has a glossy and smooth fracture surface throughout
the sacrificial bond. Although the contact area increases after heat-
pressure, the adhesion between the upper and bottom filaments is low.
The rougher fracture surface after heat-pressure on the PLA sample also
explains its larger increase of 77 % Fj, than after heat-pressure on the
LCP sample, with an increase of 46 %. From the fracture surfaces of the
PA sample - PA6_0.4_S_Z5 in Fig. 13(c), the contact area does not change
significantly after heat-pressure. This could be attributed to the mechan-
ical resilience of PA6 material [51,52]. After heat-pressure, the upper
filament possibly springs back and the sacrificial bond recovers its orig-
inal geometry shape, corresponding to the little F, improvement.

3.4.3. Toughness variation
Similarly to the variation of the F;, the average variation of the
toughness E is defined as 5, before and after heat-pressure, as follows:

—heat—pressure ~ —as—printed
_FT —ET
= —as—printed ®)
T
—as—printed —heat—pressure
where E. and E, represent the average toughness val-

ues for each overlapping curl structure before and after heat-pressure
treatment.

Fig. 14 shows the toughness variation values #, of PLA, LCP, and PA6
overlapping curls and are compared according to their basic material
properties. The PLA overlapping curls present a negative 7, (—67 % to
—5 %) while LCP samples show a positive 7, value ranging from + 12 %
to + 32 %. The fracture strain levels for PLA and LCP are similar (0.033
and 0.15), we then compare 7, with respect to their fracture strengths
(54 MPa and 311 MPa). The high fracture strength of LCP makes the fil-
ament withstand higher stress concentration and possible defects from
the sacrificial bonds break, avoiding premature failure of the OC struc-
ture and, hence, increasing the toughness after heat-pressure. On the
other hand, PLA and PA6 exhibit comparable fracture strengths (54 MPa
and 47 MPa), but there is a pronounced discrepancy in the fracture
strain, 0.033 and >2, respectively. In Fig. 14, PA6 material shows a cu-
mulative toughness: +37 % to +46 %. The exceptionally high fracture
strain of PA6 material guarantees the PA6 overlapping curl structure to
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Fig. 13. Fracture surfaces observed under SEM of (a) PLA_0.8_S_710, (b) LCP_0.8_S_Z10, and (c) PA6_0.4_S_Z5. The red dashed ellipses depict the original contact
contour. The blue dashed ellipses outline the contact contour after heat-pressure treatment.
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Fig. 14. Comparison of the toughness variation of overlapping curl manufac-
tured by PLA, LCP, and PA6 materials. The o, and ¢, are the material fracture
strength and fracture strain - see Table 3. €, of PA6 is chosen as 2 for calculat-
ing U and U,.

fully unfold with increased ultimate load after heat-pressure, leading to
improved toughness.

To enhance the toughness by heat-pressure treatment, a recommen-
dation towards the material selection to manufacture overlapping curl
structure is proposed here. We relate #, with the material constitutive
parameters. The strain energy density measures the amount of energy
absorbed or stored per unit volume in a material owing to deformation,
defined by the area underneath the strain-stress curve [53],

U= /o-(e)de

©

11

In approximation to strain energy density, we define a parameter U,
considering the fracture strength o, and fracture strain €,

Up=o0;-¢f @)

The line plots in Fig. 14 compare #, of the three materials with U and
Uy. n, undergoes a transition from negative to positive value with U
increasing. Besides, the 77, — U, shows the same positive correlation as
1, — U. From the relationship between 7, and U £ rather than obtaining
the complete stress-strain curve to determine U, one can directly check
the fracture strength and fracture strain to make an initial selection of
the printing material on the design space. In this case, setting PLA ma-
terial as baseline, the printing material with a larger U, value promises
an improved toughness after heat-pressure treatment on the overlapping
curl structure. The hidden lengths extension and toughness of overlap-
ping curl are considered as important mechanical properties that can be
applied in many areas such as strain sensors [54] and energy dissipa-
tion reinforcement [12,14]. In future research, the parameters such as
temperature and pressure during the heat-pressure treatment could be
optimized to reach the best combination of F;, F,, and E to meet the
diverse requirements of devices.

4. Conclusions

The as-printed PLA overlapping curl tensile test revealed the full un-
folding of the hidden lengths in the single orientation curls, whereas
premature failure occurred in the double orientations ones due to the
greater stress concentration caused by its larger extruded filament or-
bit curvature. The heat treatment alone had negligible effects on the
sacrificial bond load-capacity. While, after heat-pressure treatment, the
sacrificial bond load-capacity increased because of the increased con-
tact area. In particular, there was a 77 % enhancement in sacrificial
bond load-capacity of PLA overlapping curl with 0.8 mm thick nozzle,
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single orientation, and 10 mm nozzle height (PLA_0.8_S_Z10) and the
corresponding contact area increased by 54 %. However, the enhanced
sacrificial bond load-capacity introduced defects into the overlapping
curl filament after the sacrificial bonds break. As a result, the hidden
lengths exhibited less unravelling, and both ultimate load and toughness
decreased owing to premature failure. In contrast, after heat-pressure,
the LCP and PAG6 overlapping curl structures demonstrated an improved
toughness. A high fracture strength (e.g., LCP, 311 MPa) or a high frac-
ture strain (e.g., PA6, >2) of the material can ensure the hidden length
unfolding after heat-pressure, leading to improved toughness. Based on
this, we can conclude that the heat and pressure post-treatment can im-
prove the OC toughness as long as the complete unfolding of hidden
length is guaranteed. Materials with high fracture strength or high frac-
ture strain have proven to be more robust against the defect imposed
by the post-treatment avoiding premature failure and guaranteeing a
complete unfolding. The choice of materials is therefore critical for en-
hancing the OC toughness.
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