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ARTICLE INFO ABSTRACT

Keywords: Where the trunk of a tree splits into co-dominant branches, wood fibres are highly interlocked. Such an

Wood arrangement of fibres has been shown to impart superior strength and toughness to this critical junction. Here,

Junctions wavy patterns are 3D printed with a liquid crystal polymer (LCP) to evaluate the potential of wood-inspired
Eﬁ;gi:nce:}fstal polymer localized adaptations to improve the robustness of junctions between orthotropic struts. The highly aniso-
Anisotropy tropic, fibrillar microstructure of LCPs is harnessed by Fused Filament Fabrication, yielding Young’s modulus and
Waviness tensile strength reaching 30 GPa and 500 MPa respectively. However, unidirectional 3D-prints subjected to

normal tensile stresses show weak interfaces, like in wood. To overcome this weakness, sinusoidal, helix and saw-
tooth patterns are 3D-printed to create interlocking between layers. A trade-off is established between uniaxial
tension and short-beam shear with increasing interlocking angle of the sinusoidal pattern. We find that the work
associated with crack propagation in Mode I is increased three-fold compared to a unidirectional pattern,
through extrinsic toughening. When applied to a more complex load case in a curved beam in four-point bending,
helix-patterning at the junction zone increases the maximum load by 88 %. By locally controlling anisotropy via
waviness, this method opens the possibility of improving toughness and transverse properties where the stress
state is multi-axial without adding mass in future recyclable structural materials.

Additive manufacturing

1. Introduction placement accordingly is therefore crucial to the strength of TAO ob-

jects, and ultimately to their applicability in demanding scenarios.

The mechanical anisotropy displayed by biological materials such as
wood grants them multi-functionality and adaptability while often
making optimal use of scarce resources[1]. Anisotropic materials can
also be produced by additive manufacturing, allowing the simultaneous
control of topology and orientation. Finding concurrently the optimal
topology and directionality for a given load case has also been the
purpose of numerical approaches[2-4]. These Topology and Anisotropy
Optimisation (TAO) schemes typically output “organic-looking” geom-
etries where struts are smoothly connected at multiple angles to form
junctions. Struts tend to be loaded either in compression or tension,
similar to conventional truss structures[5]. Junctions, however, are
subjected to more complex loads. While for truss configurations, junc-
tions can be treated like pin-joints as the moments transmitted through
them are negligible, current topology optimisation schemes do not offer
this guarantee. In these designs, as loads are transferred from one strut to
its neighbours, the junctions see a combination of tensile, shear and
compressive stresses in multiple directions[6]. Optimizing fibre
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Several computational works have also introduced the anisotropy level
itself as a design variable, along with density and directionality[2,4,5,
7]. For instance, in Schmidt et al[2]. , the algorithm is set to optimize
topology and simultaneously choose a material configuration between
the bounds E1:E2 = 50:10 (orthotropic) and E1:E2 = 18:18 (isotropic).
The resulting geometry uses orthotropy everywhere except at junctions,
where isotropy is deemed more efficient. The work of Kundu et al[5].
has also included the tensile/compressive asymmetry of the failure en-
velope, highlighting the potential of such a design variable for strength
considerations. This illustrates the need for a manufacturing approach
where anisotropy levels can be tuned and especially led towards more
isotropy at junctions.

To manufacture a part with orthotropic struts and a seamless tran-
sition towards isotropic junctions, on-the-fly gradients of material
properties are needed. Material properties can be changed with infill
type and direction[8], but challenges remain in obtaining continuity
between the printed lines and smooth transitions between different
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anisotropic and isotropic zones. Spinodoids[9,10] and variable unit cells
[11] can be used to obtain smooth anisotropy gradients with a single
isotropic printing material. Other manufacturing methods focus on
stirring short-fibre composite via rotational shear[12], or the physical
mixing of two materials[13-15].

The scarcity and implementation difficulties of mechanical gradients
with synthetic materials are in stark contrast to their prevalence in
biological materials[16]. Trees are primary examples of anisotropic
structures with complex geometries with multiple junctions.
Co-dominant tree forks, in particular, have to sustain two important
goals: continued nutrient transport between roots and leaves, and
maintain structural integrity[17]. As pointed out by Slater et al. [18],
the resulting directionality of these junctions shown in Fig. la differs
from the simpler ‘Engineered’ configuration of Fig. 1b. The main dif-
ference takes place at the central apex of the fork (the tip of the ‘Y’)
where axillary wood can be found. This important biomechanical
attribute of junctions in trees is a type of reaction wood characterized by
its tortuous interlocked grain[19], as shown in Fig. la. Triggered by
thigmo-morphogenesis (mechanical stimulus)[20], it tends to form
under the junction bark ridge and is the most developed when the two
branches measure approximately the same diameter[17,19,21]. The
central apex of co-dominant forks has been measured to be five times
tougher than side regions, due to both its higher density and the inter-
locking pattern[22]. Impressively, this reinforced zone was reported to
show fracture resistance within the interlaminar plane 1.5 times larger
than normal to it. While interlocking is a large contributor to the rein-
forcement of the apex region, multi-scale toughening mechanisms are
numerous on the branch-stem interface of trees. Among others, they

:

Micro-scale directionality
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include crack-bridging by aggregates of microfibrils, crack tip blunting,
and zig-zag crack deflection at cell wall interfaces[23,24].

Because of the difficulty and time necessary to shape living wood
[25,26], digital fabrication has been instrumental in integrating desir-
able wood features into other materials. Sinusoidal-like or tortuous
patterns have been also widely studied and reproduced to create inter-
locking interfaces with 3D-printing[27-30] or composite technologies
[31-33], with some studies aiming to reinforce T-joints[34,35].
3D-printing wood-like features has also been attempted with helical
cylinders to reproduce micro-fibril angles[36,37]. However, there re-
mains a gap in knowledge in harnessing anisotropy to realise tuneable
gradients of mechanical properties at junctions.

Here, wavy and helical features, inspired by the characteristic tor-
tuosity of axillary wood, are 3D-printed and studied using liquid crystal
polymers (LCPs). Their main advantage is strong anisotropy with un-
limited shaping freedom due to the absence of discrete physical rein-
forcement such as fibres[38,39]. Liquid crystallinity is characterized by
the presence of local directional order of the molecules in the liquid state
at the scale of nematic domains of a few micrometres in size[40]. As the
rigid rod-like polymer chains pass through the contracting die of the
nozzle, elongational and shear flow align the nematic domain in the
same direction[41]. As the 3D-printer nozzle translates, it deposits the
molten material which aligns with the extrusion direction, as illustrated
in Fig. 1e. When exposed to ambient temperatures, the material cools
down before the relaxation of the directors can take place, resulting in
the preservation of this alignment in the solid state[39]. Three routes to
tune the anisotropy of this material have been explored: via annealing
and changing printing temperature [39,42], embedding spun fibres as

b Engineered junction

Macro-scale interlocking

Fig. 1. Zones created where multiple mechanical struts are brought together are called junctions. They are found in most topology-optimized geometries, and in
natural materials, such as tree branches and forks. For anisotropic materials, the transition from an orthotropic strut with a given orientation to another one can be
achieved via multiple routes. A. In the “contour-like” engineering route, the simplicity of the toolpath and continuity of the fibres are prioritized, associated with the
shortest path between two struts. B. Similar natural structures such as main forks in trees also need to conduct nutrients from root to foliage[19]. At the apex of their
junction, denser axillary wood shows a tortuous, interlocking grain. C. Approaching isotropy at junctions with an anisotropic material, while keeping continuous
toolpaths, is therefore possible for wood by using interlocked patterns. To replicate these biological patterns, liquid crystal polymers (LCP) can be readily extruded
with Fused Filament Fabrication, allowing the aligned domains to be deposited in the direction of travel. Straight lines can turn into sinusoidal paths with nozzle

motion to provide tortuosity at desired locations.

(a) Reproduced from [18] with permission from Talor & Francis. (b) Reproduced from [19] and [2] with permission from Springer.
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reinforcement to the 3D-printed part[43], or changing the line width
[38]. Through the latter approach, mechanical gradients can be ach-
ieved within the same toolpath between 3 and 30 GPa of Young’s
modulus. Furthermore, the absence of manufacturing constraints like
curvature opens the possibility of creating anisotropic patterns seldom
seen in engineering materials, such as spirals.

Due to the fibrillar nature of this material, its interlaminar adhesion
highly depends on processing conditions and is a point of caution [42,
44]. We hypothesize that the interlocking created by waviness will
promote a shear behaviour that dissipates energy through the delami-
nation of fibrils. To explore the potential of such patterns, their prop-
erties in tension, short-beam shear, as well as toughness are measured
for different planes, with varying wavelengths and amplitudes.

Additive Manufacturing 97 (2025) 104590

Comparing the behaviour in four-point bending of unidirectional
contour-like patterns to wavy patterns at the junction zone between two
struts reveals an 88 %-increase in load with this strategy. By tuning
anisotropy and creating interlocking while keeping the toolpath
continuous, this research opens new avenues for the manufacturing of
TAO parts with complex, robust junctions adapted to complex load
cases.

2. Materials and methods
2.1. Toolpath generation

Custom toolpaths are created using Rhino 7 (MacNeel, USA) with the
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Fig. 2. Liquid crystal polymers 3D-printed with different waviness parameters. A. The sinusoidal path lies within the build-plane, normal to the Z-direction. B.
Increasing amplitude A or decreasing wavelength A results in an increase of ¢, the angle between the longitudinal axis X and the steepest slope of the sine. C. Height
map of the top surface of short-beam shear samples. D. Young’s modulus and E. Ultimate Tensile Strength (UTS) decrease with increasing amplitude and decreasing
wavelength. F. Increasing amplitude also reduces short-beam shear strength. G. Young’s modulus of the wavy samples is plotted against their maximum angle
deviation ¢, following the trend obtained from unidirectional parts with different printing angles in Gantenbein et al[39]. The stiffness of the wavy samples cor-
responds to their unidirectional counterparts oriented at an angle ¢. H. Digital Image Correlation of typical tensile samples before failure reveals that the strain
distribution is highly heterogeneous, with deformations at their maximum at ¢. Colours and arrow orientation represent respectively the amplitude and direction of

the principal strain ¢;.
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visual programming platform Grasshopper.

2.2. 3D-printing

The thermotropic random copolyester HBA: HNA (4-hydroxybenzoic
acid and 6-hydroxynaphtalene-2-carboxylic acid) with ratio 73:27, is
supplied as filament by NematX AG (Switzerland). The filament is
printed on a Prusa MK3S+ 3D-printer, modified to withstand slightly
larger temperatures than its specification. Printing temperature is 295°C
except in Fig. 5 where 330°C is chosen to facilitate manufacturing of the
standing compact-tension specimen in an enclosure. Layer height is
fixed to 0.05 mm for Figs. 2 and 3, and to 0.1 mm for Figs. 4, 5, 6. Print
speed is set to 35 mm/s and linewidth is 0.35 mm for a nozzle (E3D V6)
diameter of 0.4 mm.

2.3. Microscopy

A VR-5000 wide-area 3D microscope (Keyence, Japan) was used to
measure the surface profile of representative samples for each pattern
and calculate the arithmetic average surface roughness (Sa) of fractured
surfaces of compact-tension specimens, with Sa = % [/, 1Z(x,y)|dxdy. A
correction is applied by removing the roughness value of a perfectly
smooth bi-sinusoidal shape, to only consider local, “textural” roughness.

2.4. Mechanical testing

2.4.1. Tension

Unidirectional samples of 110x5x2 mm are 3D-printed and tested
with a 10 kN universal testing machine (Zwick-Roell, Germany) with a
10 kN load cell, at a rate of 2 mm.min~! following ISO 527-5. The
specimens are bonded to glass-fibre end tabs with DP160 adhesive (3 M,
USA) for consistent load introduction. A hydraulic grip system is used to
prevent slippage of the specimen. A minimum of five specimens are
tested per batch. Ultimate Tensile Strength is calculated by Pp./A
where P, is the maximum load recorded, and A the specimen cross-
section at the gauge length. The Young’s modulus is calculated by the
slope of the linear fit of the stress-strain curve in between DIC-measured
strain values of 0.1 % and 0.3 %.

Additive Manufacturing 97 (2025) 104590

2.4.2. Short-beam shear

Samples of dimensions 18x6x3 mm are tested in three-point bending.
The span length is adjusted according to the standard ASTM D2344 to
four times the specimen thickness with a tolerance of 0.3 mm. The load
is introduced by a three-point bending fixture with side supports di-
ameters of 3 mm, and a centered load introduction head of 6 mm in
diameter. Deformation is measured by the displacement of the central
pin with respect to its initial position after a pre-load of 5 N. The test is
performed on a 10 kN universal testing machine (Zwick-Roell, Ger-
many) with a 1 kN load cell at a speed of 1 mm.min~!. Short-beam shear
strength is calculated by the formula 6sgs = 0.75 Fyax/(bh) where b and
h are the width and thickness of the specimen, respectively, and Fpay is
the maximum load recorded. Five to seven specimens are tested per
batch.

2.4.3. Mode-I fracture with compact tension

Samples of dimensions 35 x 33.6 x 7 mm are 3D-printed following
ASTM standard D5045, with the holes for the loading pins and the notch
integrated in the geometry. The notch is further sharpened by razor
drawing with gentle pressure to create a starter dent. A 10 kN universal
testing machine (Zwick-Roell, Germany) is used with a 1 kN load cell
and a strain rate of 10 mm.min"'. A minimum of five specimens are
tested per batch. Load-displacement values are recorded until complete
dissociation of the specimen, but data is considered until the slope
reaches a value of 0.02 consistently for 100 data points.

2.4.4. Four-point bending

Curved-beam specimens are tested in four-point bending with a top
span length of 60 mm and a bottom span length of 50 mm, with a
diameter of 10 mm for the support rods and loading rods. Since the
geometry is beam-like with a 10 x 8 mm cross-section that may show
instability in the out-of-plane direction during loading, strong cylindri-
cal magnets are placed on the support rods to secure the specimen in a
vertical position during load introduction.

2.4.5. DIC

Digital Image Correlation is used to measure the deformation of
tensile specimens. Two 9 MP cameras (LIMESS, Germany) with a 50
mm-focal length lens were used to acquire images at a rate of 2 Hz. The
analysis is performed using Vic-3D 8 (Correlated Solutions), with a
subset size and step size of 27 and 7. This enables the use of a digital
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Fig. 3. A. Sinusoidal toolpath located within the XZ plane. B. Height map of short-beam shear samples with varying wavelengths showing the waviness pattern. C.
Samples with different wavelengths show a clear trade-off can be made between ultimate tensile strength and short-beam shear strength.
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Fig. 4. Helicoidal toolpath, with waviness in the XZ and XY plane. A. The helix is ellipsoidal, as different amplitudes are used for the sinusoidal shapes in both planes,
with Ay > A,. B. Height maps of samples with corresponding parameters (Ay,4). C. The average SBS value is shown against Ay, indicating that smaller pattern sizes
are still beneficial for SBS with helical patterns. Error bars correspond to standard deviations. D. Force-displacement curves show two kinds of fracture mode: for the
lower performing samples with A = 2 mm, fracture takes place in interlaminar shear, while for the highest ones, tensile fracture takes place, indicating a superior

interlocking effect.

Fig. 5. Bi-sinusoidal pattern applied to Compact Tension specimens. A. Three surfaces are tested, for which 1 = 5 mm and ¢ makes an angle of 10, 15 and 20° to the
X-axis. B. The Compact Tension specimen geometry is printed standing, with a gradual amplitude increase to reach a fully developed pattern throughout the height of

the notched region.

extensometer to obtain strain values for Young’s modulus calculations.
3. Results and discussion
3.1. Waviness parallel to build plane

To study whether waviness can be used to vary tensile properties and
shear properties of 3D-printed LCP, samples with variation along the XY

direction, i.e. perpendicular to the build deposition direction, are
manufactured as shown in Fig. 2. The parameters studied for these

planar infills are shown in Fig. 2a and b. The infill line is described by
the curve Asin(22x) where A is the amplitude and 1 is the wavelength.
The maximum angular deviationto the longitudinal direction is ¢ =

arctan®Z4. It spans from sample (A = 0.2, > = 4 mm) with ¢ =17° to
sample (A = 0.6, A = 2 mm) with ¢ = 62°. For a comparison of surface
quality between the six types chosen with varying wavelength and
amplitude, the resulting top surface of 3D-printed samples is coloured
according to the deviation to its average height within 4+ 100 um in
Fig. 2¢. Their Young’s modulus and Ultimate Tensile Strength (UTS) are
plotted against amplitude in Figs. 2d and 2e, respectively. The general
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Fig. 6. Bi-sinusoidal patterns tested in Mode I loading show larger crack resistance with increasing angle. A. Load-displacement curves and imaging during crack-
propagation of representative specimen for each configuration illustrate the area under the curve increasing with ¢, and in parallel the increasing occurrence of
observation of fibres bridging the crack during failure. B. Work exerted before max load for crack initiation indicates an initial dip in performance with ¢ = 10°,
followed by an increase of up to 50 % for ¢ = 20° as shown in the insert. The experimental (legend entry: exp) ratio Wini,/Wq,, is larger than what is expected from
the theoretical increase in area (Area), or crack resistance from Mixed-Mode (MM?), and Cotterell-Rice (CR?) equations for linear elastic solids. C. Work after max
load, corresponding to the crack propagation phase, also increases with ¢. Insert shows the same data plotted against fracture surface roughness. The surface
roughness is corrected to account only for local texture without the height variations linked to geometry itself. This surface roughness is obtained from D. height
maps of the entire fracture surface, here shown for the samples pictured in A, also illustrating the increase in roughness with ¢.

trend is as expected: the larger the amplitude and the smaller the
wavelength, the poorer the performance in tension. Further, the highest
stiffness and strength are found in the specimen with the smallest
maximum deviation to the 0° angle. For Short-Beam Shear in Fig. 2f,
while on average the same trend can be observed, the larger scatter does

not allow to draw firm conclusions. This can also be reasoned because
this type of waviness pattern does not create interlocking within the
shear plane, located between layers.

The impact of waviness on tensile properties is further visualized in
Fig. 2g where the average Young’s modulus is plotted against ¢, and
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compared to that of LCP printed in the same condition in Gantenbein et
al[39], with unidirectional samples of infill angle ranging from 0° to 90°.
Classical Laminate theory describes well both the unidirectional sam-
ples, and those printed with waviness when assimilating ¢ to a ply di-
rection angle. The similarity between both data sets indicates that large
deviations to the 0° direction in the wavy patterns make these samples as
stiff as if they were unidirectional and oriented at an angle ¢. Fig. 2g also
illustrates a scale effect. The samples with A = 0.2, A =2 mm and A
= 0.4, A = 4 mm both share the value ¢ = 32.14° yet behave differently.
The type with the smallest pattern size outperforms the larger by 33.7 %,
16.7 % and 37.6 % in SBS, Young’s modulus and UTS respectively. This
may be explained by more numerous interlocking zones for the smallest
wavelength which provide a more homogenised stress field. This in-
dicates that both the maximum deviation to the 0° angle and the size of a
pattern seem to play a role in the stiffness and strength of parts along the
longitudinal direction.

Fracture behaviour can give more insight into the performance of
wavy patterns in tension with Digital Image Correlation (DIC). In
Figs. 2h, 3D strain fields have been overlaid on photographs of tensile
samples before failure. The distribution of the amplitude of the first
principal strain (e;) shows that in all cases, the most strained zones are
those where the maximum deviation to the 0° angle (largest slope) is
located. This confirms the importance of ¢, as already suggested in
Fig. 2g. Furthermore, another effect explaining the drop in tensile per-
formance with larger amplitudes is revealed with DIC. When the
amplitude is large, the effective section width w appears to be (w — 24),
as a width of A is barely strained on either side of the specimen. For
instance, for A = 0.6 mm, ¢; = 0.15 % whereas ¢; = 2 % in the central
areas. This corresponds to an effective width reduction of 24 %.

Overall, these elements indicate that increasing angular deviation is
detrimental for both tensile and shear properties, with a larger impact on
stiffness. The samples behave as weak as their weakest link when their
waviness is within the loading plane.

3.2. Waviness perpendicular to the build plane

In contrast to the samples shown in Fig. 2, interfaces in wood display
features that are oriented perpendicular to the loading plane to create
interlocking. As a result, samples with sinusoidal variations along the XZ
direction, shown in Fig. 3a, were also printed. Fig. 3b presents the
parameter values chosen, and height distribution for these samples. The
sample surface is also coloured according to the deviation to its average
height + 100 pm to visualize the pattern size. In Fig. 3¢, the experi-
mental test results are shown for UTS and short-beam shear strength. In
contrast to Fig. 2f, increasing the maximum angle deviation ¢, which is
achieved here by reducing the wavelength, seems to improve short-
beam shear strength for samples with waviness perpendicular to the
loading direction. This may also be influenced by the finer scale of the
pattern, associated with a larger density of interlocking zones.

Unlike in-plane waviness, out-of-plane waviness triggers a clear
trade-off situation between tensile properties and short-beam shear
strength. Increasing the wavelength increases the tensile properties as
shown in Fig. 2d and e, while short beam shear strength decreases. In
particular, at A = 0.5 mm, short beam shear strength is the highest of all
sample types and configurations tested with values close to 20 MPa.

In terms of pure tension, however, the performance of this pattern
drops to 89 Mpa, which is close to the literature value of isotropic
polymers like PEEK[45,46]. In comparison, the values attained in ulti-
mate tensile strength of unidirectional samples are 426.8 + 35 MPa for a
0° infill and 44.1 + 2.47 MPa for 90°[39] samples. Likewise, the lowest
Young’s modulus is 5.5 GPa. The Young’s modulus is expected to stay
within the bounds given by classical laminate theory, i.e. between 2.59
+ 0.23 GPaand 17.91 + 1.11 GPa. As the lowest bound for stiffness and
strength at 90° are around the 0° values obtained for many engineering
polymers without reinforcement[47,48], focus is placed on shear and
toughness properties to locally strengthen junctions.

Additive Manufacturing 97 (2025) 104590

Because the difference in properties between unidirectional and
wavy lines is triggered by the motion of the 3D-printer, the waviness
illustrated in Fig. 3 shows a potential for a continuous transition to be
made within one single-printed toolpath between straight, strong
orthotropic struts and more compliant but shear-resistant interlocking
junctions. In the context of applications in complex three-dimensional
loading cases such as those of junctions, this directionality effect may
be homogenized by using interlocking patterns on two planes
simultaneously.

3.3. Waviness in two planes

To create three-dimensional interlocking patterns with waviness, a
helix toolpath is investigated in Fig. 4. This helix pattern follows the
curve Aysin(¥x) within the XY plane and A,cos(¥2x) within the XZ
plane, where A, and A, are the amplitudes, as shown in Fig. 4a. In this
case A, is restricted to 0.045 mm, while two values of Ay and 4 are taken.
Fig. 4b shows the parameters chosen and height maps of the four
resulting patterns. In Fig. 4c, the SBS of these helicoidal samples is
plotted against their amplitude in y. To study the effect of superimposing
two patterns, the helix specimen with (A, = 0.2,4=2) mm can be
compared both to its projection on the XY plane and to its projection on
the XZ plane (i.e. same wavelength and amplitude) shown in Figs. 2 and
3. The helix pattern has a 9.7 % lower SBS strength than its counterpart
with the projection on the XZ plane, with waviness perpendicular to the
build plane. A similar decrease in SBS of 7.9 % can also be observed with
(Ay = 0.2,4 = 1) mm compared to its projection on the XZ plane. These
elements indicate a negative effect of the superimposing of two patterns.
In contrast, the SBS of the helix pattern with (A, = 0.2,4 = 2) mm is
9.3 % larger than its projection on the XY plane, i.e. with waviness
within the build plane only. This increase is linked to the interlocking of
the layers allowed by the waviness in the Z-direction, perpendicular to
the shear plane. It is associated with a 10 % decrease in strength in line
with the trade-off between short-beam shear and tensile properties
determined in Fig. 3. It should however be noted that in all these cases,
the difference lies within the standard deviation.

In general, Fig. 4 shows a similar trend to Fig. 2, with smaller am-
plitudes and wavelengths beneficial to SBS. Similarly to the XY samples,
between the two samples sharing the same value of ¢, the smaller
pattern size performs best in terms of short-beam shear strength. This
supports our hypothesis that a smaller pattern size promotes inter-
locking and increases resistance to interlaminar shear.

Fig. 4d, showing force-displacement curves and failure type for all
samples, gives further credit to this argument. Within each type, the
failure mode is homogeneous and is either interlaminar shear, with
successive delamination, or tensile failure on the bottom of the spec-
imen. Both types with 4 = 2 mm, which perform the lowest in SBS, show
interlaminar shear fracture. In contrast, the types with 4 = 1 mm fail in
tension. This means that the maximum interlayer shear strength has
increased to a value above the maximum tensile strength for the smaller
pattern size.

A helicoidal pattern has the advantage of creating both intra- and
inter-laminar interlocking in shear. However, Mode-I loading can be
critical for laminar materials such as 3D-printed LCP. In such loading
cases, the role of interlocking is less straightforward than in shear. As a
result, its impact on Mode-I crack resistance needs to be investigated.

3.4. Interlaminar fracture resistance of bi-sinusoidal shapes

The toughness in wood relies on multiple-crack arrest mechanisms,
according to a Fail-safe strategy that maximises the possibility of healing
when damage occurs[24]. The crack front is known to grow along re-
gions of transversally loaded tracheids interwoven with wood rays[24].
On top of the self-healing via resin ducts for hydrophobic and antimi-
crobial protection, its main features are zig-zag crack deflection which
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contributes to mechanical closing when the bending moment is
decreased, and fibre-bridging by the tracheids[49].

Three configurations of periodic shapes are studied, with A = 5 mm
and angles ¢ of 10, 15 and 20° to the X-axis as shown in Fig. 5a. The bi-
sinusoidal shape is simplified to a sawtooth pattern to minimize the
number of points describing the shape and thus enable faster head
movements, especially for the Z-axis. Compact Tension specimens are
printed standing as depicted in Fig. 5b, including supports at the notch
region. The zone highlighted in turquoise displays a gradual increase in
the amplitude of the periodic path printed, to ensure that throughout the
height of the notched region, the maximum amplitude is attained. On
the rest of the specimen, flat unidirectional layers are printed to ensure
comparable properties everywhere except at the notch region.

Fig. 6a shows typical load-displacement curves for the four specimen
types, tested in Mode I. The area under the curve before and after max
peak load is used to obtain a comparative work of fracture for initiation
and propagation of the crack. The fracture behaviour differs signifi-
cantly between samples of different patterns, related to the occurrence
of a fibre bridging phenomenon. Fibre bridging seems to be more
frequent as ¢ increases: from no occurrence at all for the five specimens
tested at ¢ = 10°, to all five specimens showing a larger quantity of
fibres pulled out at ¢ = 20°, as seen in the inserts. Within the group of
unidirectional samples (¢ = 10°), fibre-bridging is also observed in two
out of the five specimens. On the load-displacement curve, this trans-
lates into a larger area under the curve after peak load. For the exem-
plary samples shown in the inserts, it is measured at 89 mJ with fibre-
bridging (shown by blue dashed lines), compared to 19 mJ without
(blue full lines). Fibre-bridging at the scale of printed lines detaching
seems to be related to an increase in area under the curve after peak
load, which can be expected as this is a typical extrinsic toughening
mechanism, in wood[49] and other fibrous materials[50]. However,
another qualitative effect other than fibre-bridging that influences the
area under the curve after peak load should also be noted. A secondary
bump well after maximum peak load can be noticed at the
load-displacement curve of the ¢ = 20° example. This bump is present
for four out of the five ¢ = 20° samples. It is absent in some samples
where fibre-bridging was also observed. The presence of these qualita-
tive effects translate directly into toughness performance.

In Fig. 6b, work exerted for the initiation of the crack is shown for the
straight and three wavy configurations. In theory, increasing ¢ is indeed
expected to improve performance in toughness via several geometrical
contributions. Three of these are considered here. First, Cotterell and
Rice[51] have for instance developed a ratio of stress-intensity factors at
the tip of a slightly curved crack. This ratio has been shown by Zavattieri
et al[52]. to characterize well a sine crack between linear elastic solids
with A/4 < 0.25. Our maximum A/4 is well below this value, with
0.091. The equation describing the ratio of the stress-intensity factor of a
curved crack over the flat equivalent is:

_Kic _ 2

Ko 2 ’%
1+47r2<’7“> :|

This value is plotted for the different patterns in the insert of Fig. 6b
under the legend entry CR. Again in the linear elastic fracture mechanics
(LEFM) framework, Hutchinson and Suo[53] have calculated a similar

MM= R

RI —

CR

1+

ratio focusing on mixed mode cracking,

(1+ (n—1)sin’y) ! where 5 = 0.7 for a rather ductile material and y =
tan ! (Kyefr /Kiegy) - The ratio Kper/Kie is a function of ¢ only. Since the
maximum calculated y in our case is 10°, this ratio stays very close to 1,
as shown with the legend entry MM in the same graph. Finally, the in-
crease in surface area of a sinusoidal pattern over a planar version can
also be considered, with a corresponding ratio Area = 1/cosg. For ¢ =
10°, ¢ = 15° and ¢ = 20°, this area increase is 2.0, 5.0 and 9.2 %
respectively, compared to the flat zone.
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These theoretical ratios are all compared in the insert of Fig. 6b to the
experimental ratio measured between work to initiate the crack in the
patterned and unidirectional surfaces. Both CR and MM are ratios of
fracture toughness Ki. In LEFM under plane strain, the relationship
between G, the energy release rate, and K. is quadratic. In order to be
comparable to the experimental ratio of work, these ratios are squared
on the graph. While they are derived for LEFM which does not apply
here, they can shed light on the theoretical contribution of the geometry
versus that of LCP’s characteristics such as its fibrillar microstructure.
The general trend of experiments does show an increase in Wi,;; with ¢.
However, the average value at ¢ = 10° is smaller than the average for
unidirectional samples. The value should not be below 1 in theory, and is
here close to 0.8, indicating poor adhesion between layers. The total
absence of fibre-bridging noticed at ¢ = 10° is another symptom of
lower adhesion. This may be explained by manufacturing differences,
such as the influence of speed: it is indeed much slower to print one layer
with waviness, which may decrease interlayer adhesion as the time
elapsed between the deposition of two neighbouring lines, and layers, is
larger. Due to the large movements in the Z-direction, which is a slower,
threaded axis on our 3D printer, the printing duration is 34 s for one flat
layer, and 64.5, 68.9, and 75.6 s respectively for one layer at ¢ = 10°,
@ = 15° and ¢ = 20°. It is possible that the smaller interlocking seen at
¢ = 10° does not counterbalance the change in manufacturing condi-
tions such as lower speeds. A systematic study on the influence of speed
on the adhesion of LCP should therefore be carried out in future work.

Furthermore, the increase in Wi, with ¢ = 15° and ¢ = 20° over
unidirectional samples is noticeable. If the three theoretical contribu-
tions are combined (CR?: increase due to crack tip deviation, MM? mixed
mode loading, and Area as crack surface increases), a 42 % increase is
expected for ¢ = 20°, when the experimental improvement is closer to
50 %. For ¢ = 15°, the theoretical ratio of 1.227 matches with the
experimental value of 1.222.

A similar trend as that seen for Wiy is noticed for Wyop, the work
measured after maximum load, which is related to the propagation of
the crack. It is in fact even more marked, as shown in Fig. 6¢. The in-
crease with ¢ is in this case up to three-fold larger than that of the
average unidirectional specimen for ¢ = 20°. Another more pronounced

trend is the lower performance of Wy, for ¢ = 10° compared to the

Worop.p-10° i
—prepe=1® — ().66 compared to the previous
prop.

unidirectional samples, with = .
. flat

ratio W = 0.80. Again, this could be attributed to lower adhesion

combined with a lack of interlocking for this sample geometry. As an
indication of the importance of fibre bridging, a distinction of the per-
formance of specimens with and without its occurrence can be made
using unidirectional specimens. Three specimens which display fibre
bridging have an average Wy, of 78 mJ. The other two which do not
show bridging have an average Wy, of 16 mJ. The average increase
with ¢ = 10° is 76 % compared to the lower baseline value for flat
samples without fibre bridging. However, the occurrence of fibre
bridging in flat samples may be stochastic as it is not triggered by
printing parameters. Therefore, for all other purposes, comparisons
should use the total range of samples, with and without bridging.

To further investigate the toughening role of the different patterns,
fracture surface roughness is measured on fractured surfaces. It is
plotted as an insert in Fig. 6¢ against Wpop. One may first observe that
roughness seems consistent within each specimen type and an average
increase with ¢ is noticed. Moreover, specimens with the largest surface
roughness seem to also display the largest Wy,,. Surface roughness
quantifies distributed damage such as the pull-out of short fibrils, and
even cohesive fracture zones within a layer, whose areas are seen to
increase with ¢ in Fig. 6d. However, local damage due to individual,
macroscopic fibre bridging is less readily captured with surface rough-
ness. Again, this can be observed with the two distinct unidirectional
sample behaviours, with and without fibre-bridging. The two leftmost
height maps of Fig. 6d show the exemplary unidirectional sample
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displaying fibre-bridging and another one without. The surface rough-
ness (Sa) of the sample displaying fibre-bridging is 71.4, compared to
68.4 for the specimen for which the crack has propagated between two
layers, but without any pulled-out fibre observed. Sa quantifies the
average difference in height of each point compared to the arithmetical
mean of the idealized smooth surface. A single fibre bridging the crack
and pulling out until total fracture may contribute significantly to
enhance Wy, but will not be captured with Sa, illustrating the limits of
fracture surface roughness as a metric to quantify this phenomenon. On
the fracture surfaces, one may also note that the smoother areas tend to
be those located at the crests and troughs of the bi-sinusoidal shape.
These smooth regions represent a large proportion of the total area for ¢
= 10°. They decrease in size for ¢ = 15° and are non-existent for ¢ =
20°. Instead of smooth surfaces, one can distinguish between individual
torn printed paths. In Figure SI 1, the fracture surface areas of three
samples are observed with scanning electron microscopy (SEM). The
two flat samples, with and without macro-scale fibre bridging, display

Additive Manufacturing 97 (2025) 104590

relatively little plasticity at micro-scale, in contrast to the the sample
with ¢ = 20°, showing a rougher fracture surface with many pulled out
fibres and fibrils. This may indicate that the relatively higher shear
forces favoured by a steeper ¢ are very effective at provoking plastic
deformation such as local fibril pull-out, and larger fibre bridging. Being
loaded in tension, they can simultaneously shield the crack and also
dissipate energy in LCP better than what may theoretically expected
from geometrical arguments and LEFM.

In summary, these elements suggest that the combination of bridging
and deviation are the main mechanisms responsible for the increasing
fracture energy with increasing ¢. At most, increasing crack area of
9.2 % with the largest ¢ may play a role, but cannot explain the average
increase in work after fracture from 53 mJ to 176 mJ, i.e. more than
three-fold increase from the straight specimen. This improvement may
be attributed to the more tortuous crack geometry and the plasticity
induced by the increased mode-mixity effect in LCP. We hypothesize
that the shear stresses introduced at the steepest locations of the bi-
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Fig. 7. Four-point bending of an elbow-like junction compares the behaviour of a contour-like pattern to a helical pattern. A. Dimensions of the curved beam and test
set-up. The thickness of the beam is 10 mm B. Force-displacement curves show that the unidirectional samples reach about half the load of the Helix samples. Digital
Image correlation of unidirectional (top) and Helix (bottom) samples gives further insight into their fracture mechanisms. Colours and arrow orientation represent
respectively the amplitude and direction of the principal strain ¢; in C and the second principal strain e, in D. Photographs of the same specimen after final fracture
illustrate the two different behaviours in E. The unidirectional specimens all delaminate early, and continue deforming with successive propagation or opening of
delamination. In contrast, the helix specimens show close to a three-times larger strain before the first failure. Furthermore, failure also does not occur at the junction
zone but in the indentation point of a strut, indicating superior resistance of the Helix zone compared to unidirectional samples.
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sinusoidal shapes become large enough at ¢ = 15° and ¢ = 20° to
provoke a widespread pull-out of the fibrils involved at the interface,
thereby promoting a more tortuous crack growth and increased energy
dissipation, in a similar fashion to wood fracture.

In future designs, the study of crack propagation should include high-
resolution imaging to quantify the influence of micro- and macroscopic
fibre bridging. It should also relate to recent modelling efforts, especially
using cohesive fracture models similar to those developed for wood[49].
Moreover, because of the similarities with wood, in particular the highly
fibrillar structure of this anisotropic material, it could also be used to
replicate and study such bio-materials, which are often influenced
during lifespan by external factors.

3.5. Junctions with helix patterns

Mode-I toughness is an important component in increasing the
robustness of materials, however, the loading configuration of a junction
is often more complex. To represent a junction, the geometry shown in
Fig. 7a is chosen for its ability to produce a tensile stress normal to the
fibre direction in a confined zone. The geometry replicates a two-strut
junction, or a three-strut junction without external loading on the last
strut, subjected to a worse-case loading scenario. The stress state of such
a shape in four-point bending consists of the following components:
Circumferential tensile stresses along the inner surface, circumferential
compressive stresses along the outer surface, radial tensile stresses, from
0 at the inner and outermost surfaces with a peak in the middle third of
the thickness[54,55]. The potential reinforcing effect of waviness is
assessed with a helix toolpath shown enlarged in Figure SI 2a and
compared to a unidirectional pattern, in which print paths follow the
contour of the curved beam. The helix pattern is only applied to the
curved zone, while the struts are printed unidirectional for both types to
provide consistent strut arm stiffness between the two sample types. The
parameters of the helix are chosen to summarize previous learnings. A
pattern size with a wavelength of 1 mm is chosen, according to Fig. 4.
The amplitude A should be as high as possible considering that Fig. 6
indicates that toughness is improved with increasing ¢. However,
manufacturing-wise, a too large amplitude shows risk of collision with
the print bed on the first layer, and the nozzle tip also risks ploughing
into deposited materials. Therefore, a sinusoidal amplitude A of 80 % of
a printed layer of 0.1 mm is chosen. This leads to a value of ¢,,,, = 27°.
This value corresponds to a sinusoidal amplitude of 80 % of a printed
layer of 0.1 mm. Height maps of the printed unidirectional and helix
junctions are shown in Figure SI 2b.

The load displacement curve of the specimen subjected to four-point
bending are shown in Fig. 7b. A clear distinction in overall performance
and fracture behaviour can be made between the unidirectional and the
helix samples. With 645 + 29 N, the helix samples attain a max load on
average 88 % larger than the unidirectional samples (342 + 28 N). The
strain attained at max failure is also 2.96 times larger for the helix
samples, without any significant increase in mass, as shown in Table SI
1. In Fig. 7c¢, the amplitude and direction of first principal strain e;
obtained by DIC are overlaid onto the two configurations just before the
onset of their first load drop. In both cases, ¢; in the curved zone is a
tensile radial strain as indicated by the arrows and positive value.
However, the distribution of maximum amplitude is more concentrated
on the unidirectional specimen than on the helix one. This zone is the
one where the first delamination takes place in the unidirectional
pattern, corresponding to the middle third of the sample width as ex-
pected. In contrast, for the helix specimen the maximum ¢, is seen on the
entire patterned zone, indicating a more even distribution of strain
which contributes to delay the onset of fracture. The second principal
stresses are shown in Fig. 7d, with the expected tensile and compressive
circumferential stresses.

Both configurations before test arrest, which is set to not exceed
7 mm of cross-head displacement, are illustrated in Fig. 7e. The fracture
behaviour differs between the two types. The unidirectional samples
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crack earlier but can carry a load close to Py, via the continued onset
and propagation of delamination until the test is interrupted. In contrast,
the helix samples break catastrophically at Py, via strut failure at a
contact point to the fixture. As a result, the junction zone was not tested
to its fullest potential and may be capable of carrying even more load in
this configuration if the struts are stiffened by doublers. Since the struts
are the same unidirectional LCP in both types, these elements indicate
that wherever the unidirectional configuration is prone to early failure
because of radial tensile loading, the helix pattern can indeed be
implemented to impart robustness.

To illustrate the potential of this method at reinforcing junctions in
TAO parts, a sinusoidal pattern is applied for illustration purposes to a
three-strut junction in Fig. 8. In a TAO part such as the one printed with
LCP in Fig. 8a, an optimal load transfer can be ensured by continuous
printed lines across the different struts. Such a part possesses many kinds
of junction configurations, including two- and three-strut junctions.
Three two-strut junctions similar to those tested in Fig. 7 can be rotated
and adapted to create a three-strut junction, as shown in Figs. 8b and 8c.
The 3D-printed junction with interlocked continuous toolpaths between
all struts is shown in Fig. 8d.

4. Conclusions

For a 2D sinewave pattern lying within the building plane, larger
amplitude and smaller wavelength are detrimental to performance in
tension. The maximum angle of deviation between the sinewave and the
X-axis, named ¢, is shown to play an important role. In general, the
samples behave as stiff as if they were unidirectional but oriented at the
angle ¢, following the corresponding expected behaviour from Classical
Laminate theory. For a sinusoidal pattern lying perpendicular to the
build plane (leading to non-planar layers) while a similar trend can be
noticed in tension, short-beam shear performance increases due to layer
interlocking.

Bi-sinusoidal patterns studied in Mode-I fracture resistance with the
largest ¢ show a 50 % increase in work exerted before peak load, and a
three-fold increase in work exerted for crack propagation. An increase of
the surface roughness and macroscopic fibre-bridging is observed with
increasing ¢. These elements may indicate that the rising ratio of Mode-
1I loading introduced with larger ¢ leads to enough shear stresses being
applied to the interface to pull out the fibrillar microstructure, thus
dissipating more energy and slowing the crack propagation, similar to

Fig. 8. The sinusoidal pattern can also be applied on a three-strut junction. A. A
typical bridge-like topology optimized part contains sets of two-strut, three-
strut and four-strut junctions. This part is printed with LCP using a fully dense
concentric infill without waviness. B. A three-strut junction can be made of
three sets of continuous paths with waviness, each of them being a two-strut
junction. C. These paths can be overlapped, and D. 3D-printed, creating
interlocking within the junction while remaining continuous to transfer the
loads from one strut to the next.
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fibres in wood.

To test a junction zone, a helical pattern of a curved beam was loaded
under four-point bending. Compared to the same geometry without the
pattern, the failure load is improved by 88 % without additional mass.
Strain-to-failure is also close to three-fold larger since the unidirectional
specimens delaminate when exposed to radial tensile stresses. Combined
with the development of new topology optimisation schemes, this
approach opens avenues for higher structural performance with only
marginal extra energy or material consumption. By utilizing the synergy
between anisotropic materials and geometric patterns, designers can
blend material properties to tune compliance, strengthen weak regions
or redistribute loads, with the frugality and elegance of natural materials
produced by living organisms.
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