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a b s t r a c t

Defects play a major role in determining the mechanical properties of materials. Examples of this span
from dislocations, grain boundaries, and precipitates in metallurgy to voids and imperfect interfaces
in natural composites. These can enable complex failure modes and balance competing mechanical
properties. With the increasing adoption of additive manufacturing in both research and industry,
there are unprecedented opportunities for controlling the internal composition and structure of a
material system. However, the very nature of forming a material in increments produces a set of
characteristic defects (e.g., void formation due to incomplete merger of new material), which results
in local heterogeneity and anisotropy. Rather than seeking to prevent these characteristic defects, we
utilize them to improve the damage resistance of printed structures by systematically controlling their
distribution within a single material. Inspired by the well-known Bouligand structure found in tough
natural materials, we use a helical build sequence in which each layer is added at a defined pitch
angle relative to the previous layer. The resulting helical defect distribution can guide the crack tip
during fracture and enhance damage resistance. Microstructural evidence from crack surface images
and X-ray microtomography reveals intricate mixing of twisting and branching cracks during failure,
and is explained via an analytical model. Since these improvements are obtained solely from the defect
distribution within a single material, the findings of this work could improve the failure characteristics
of a broad range of printed materials (metals, ceramics, polymers, and composites).

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Defects in engineering materials play a crucial role in deter-
mining their properties. In metals, defects such as grain bound-
aries and precipitates inhibit the propagation of dislocations,
which can serve to increase strength (at the cost of decreasing
ductility). In classical metallurgy, the nature and distribution of
such defects can lead to order-of-magnitude changes in me-
chanical properties in otherwise identical materials, and mature
process–structure–property relationships have been established.
However, the importance of defects is much more general in
materials engineering. For example, defects are also vital in nat-
ural materials, where voids [1] and imperfect interfaces [2] are
responsible for producing excellent combinations of mechanical
properties such as stiffness, strength, and toughness in materials
that are also lightweight.

Numerous examples of this can be found in marine shell
animals. For example, nacre consists of a classic brick and mortar
arrangement of soft and stiff materials with imperfect inter-
faces [3]; conch shell has a hierarchical laminate structure [4];
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and both the hammer-like Stomatopod dactyl club and the bee-
tle exoskeleton include helical arrangements (the well-known
‘‘Bouligand’’ arrangement) of stiff chitin fibers within a matrix [5–
7]. All of these comprise geometric arrangements of soft and
stiff phases that enhance the toughness of the natural materials
by impeding crack growth via combinations of multiple crack
formation, crack deflection, and crack bridging.

The layer-by-layer design freedom afforded by additive man-
ufacturing [8–10] and advances in multimaterial 3D printing [11,
12] allow, in principle, control over both the structure and com-
position within a printed material. The last several years have
seen a number of studies that explore how some of these struc-
tural and compositional parameters affect failure in 3D printed
materials. For example, a recent study used structural features
inspired by polycrystalline metals (i.e., features resembling grain
boundaries) to enhance failure properties in 3D printed struc-
tures [13]. The influence of structural hierarchy on failure has
been explored [14]. 3D printing has also been used to study
the mechanics of bioinspired architectures. For example, artificial
marine stickleback armor [15] and Turritella shell [16] have been
3D printed to better understand the influence of geometry on
the robustness of these natural materials. With multimaterial
3D printing it is possible to enhance the toughness of materials

https://doi.org/10.1016/j.eml.2019.100598
2352-4316/© 2019 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.eml.2019.100598
http://www.elsevier.com/locate/eml
http://www.elsevier.com/locate/eml
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eml.2019.100598&domain=pdf
mailto:raney@seas.upenn.edu
https://doi.org/10.1016/j.eml.2019.100598


2 C. Mo and J.R. Raney / Extreme Mechanics Letters 34 (2020) 100598

by arranging soft and stiff phases in architectures that mimic
natural motifs, such as that of conch shell [17], nacre [18], and
Stomatopod dactyl club [19]. Bioinspired composites such as glass
fiber-reinforced polymers [20], alumina-reinforced polymers [21],
and epoxy-carbon fiber [22] have also been developed for direct
write 3D printing processes [8,12].

Regardless of the specific additive manufacturing approach,
however, the very nature of adding (or selectively solidifying)
material in increments inevitably produces systematic defects
that are intrinsic to a given additive process and the chosen build
sequence. For example, in extrusion-based additive manufactur-
ing processes illustrated in Fig. 1a, such as direct ink writing
(DIW) [8] and fused deposition modeling (FDM) [9], filaments
of material are extruded by nozzles that translate relative to a
substrate to form a pattern. Geometric defects (e.g., voids) can
arise due to incomplete merger of extruded filaments, and ma-
terial anisotropy is common due to imperfect bonding between
adjacent filaments (particularly in FDM). In additive manufactur-
ing processes that require in situ heating, such as FDM [23,24]
and selective laser sintering (SLS) [25,26], non-uniform heating
is also a mechanism of defect formation, resulting in anisotropic
residual stresses and material heterogeneity [24,25]. Geometric
defects can often be observed via non-destructive methods such
as X-ray microtomography (µCT) or via imaging of fracture sur-
faces post failure (inset, Fig. 1a). Because both geometric defects
and material heterogeneities are systematic (and determined by
the build sequence used in the additive process), they produce
characteristic material anisotropy. One well-known example of
this is the reduction in strength that is observed transverse to
the infill/raster direction in additive processes [23,25].

As we show here, these characteristic defects can be arranged
to enhance the damage resistance of printed structures. The idea
of programming the spatial distribution of defects to improve
mechanical properties has been demonstrated in brittle glass via
laser etching of 2D patterns within the material [27]. Here, we
spatially control the distribution of defects in 3D via the build
sequence used during additive manufacturing. We make use of
the well-known Bouligand structure (Fig. 1b), which can enhance
toughness via formation of multiple cracks and the mixing of
fracture modes at the crack fronts [28]. During failure, the defects
can act as stress concentrators, guiding the failure process in ways
that activate the same Bouligand toughening mechanisms that
are observed in other contexts. The geometric defects can also
alter the stress field around the crack tip and enhance toughness
via extrinsic mechanisms such as crack shielding [29]. As dis-
cussed previously, there are numerous examples of multimaterial
architectures in the literature [19,20,30], often inspired by natural
composites, that use material mismatches to activate toughening
mechanisms. However, the complexity of the processes and the
lack of control over the interfacial properties (intrinsic to the ma-
terials) often limit the practical utility of these approaches. Here,
comparable toughening enhancements are accomplished solely
via the programmable arrangement of the defects, which produce
locally-anisotropic mechanical properties of the same sort sought
in multimaterial architectures but in single-material systems that
are simple to fabricate and require no post-processing (e.g., laser
etching). Since it is the defects rather than specific material
pairings that produce the desired properties the findings of this
work are relevant to a broad swathe of additive manufacturing
processes (FDM, DIW, SLS, etc.) and materials (polymers, metals,
ceramics, and composites).

2. Experimental results

As a proof of concept, we first printed conventional single-
edge notched bend (SENB) samples, which include a notch to

predictably initiate fracture in the center of the sample during
bending (see Fig. 1c). To illustrate the large effect that the defect
distribution has on the failure properties, we used a helical (Bouli-
gand) print pattern in front of the notch tip, with each infill layer
printed with a raster pattern oriented by a constant pitch angle γ

relative to the previous layer. The orientation of each infill layer
can be described by infill angle φ, the angle between the filaments
and the Z-axis. The initial infill angle of the first layer in front
of the crack tip is defined as φ0. The notch induces the onset
of fracture directly into the Bouligand region. After fabrication,
the samples were loaded in three-point bending until failure
(Fig. 1c–d). We used two different additive processes to show the
relevance of the defect distribution in two very different mate-
rials systems: quasi-brittle thermoplastic poly-lactic acid (PLA),
which was printed using a commercial fused deposition modeling
printer, and the elastomer polydimethylsiloxane (PDMS), which
was printed using direct write 3D printing. As in Fig. 1d, the
propagation of the crack preferentially follows the helicoidal de-
fect distribution (without requiring the use of a second material
to produce internal material interfaces, as in previous studies).
Despite the extremely different properties in these two materials
(a relatively brittle PLA and a soft, ductile silicone elastomer) we
observe qualitatively similar failure surfaces due to the controlled
distribution of defects (Fig. 1d).

To understand why the helicoidal raster pattern leads to this
behavior, we first characterized the effect of the raster angle on
the in-plane elastic properties of the printed structures. For this
analysis, we chose to focus on the PLA system, since the very
high failure strain of the PDMS makes these soft materials less
amenable to studying bending failure. We first printed tensile
bars from PLA using different constant raster angles (with the
angles defined relative to the direction in which loading was
applied.) and performed quasistatic tensile tests on these. The
raster angle has a large effect on the mechanical properties, as
expected, due to the high degree of anisotropy associated with
the interfilament defects. For example, ‘‘longitudinal’’ samples (in
which the raster angle is parallel with the direction of mechanical
loading) and ‘‘transverse’’ samples (in which the raster angle is
perpendicular to the direction of loading) differ in stiffness and
strength by 22.5% and 53.8%, respectively (see details in Table S1
and Fig. S1).

Next, we printed SENB samples from PLA with a Bouligand
structure in front of the notch. We varied the pitch angle and
tested these to failure. As controls, we first tested SENB samples
of only a single raster angle (γ = 0◦ no helicoidal or Bouligand
structure). These included two types of samples: First, φ0 = 0◦,
with all printed filaments (and therefore the interfilament de-
fects) aligned with the notch; second, φ0 = 90◦, with all printed
filaments (and interfilament defects) oriented perpendicular to
the notch. The load–displacement data for both the Bouligand
samples and the two types of control samples are shown in
Fig. 1e. The corresponding fracture properties are plotted in Fig. 1f
and g. The fracture toughness, which directly corresponds to the
peak force the structure can withstand and the geometry of the
structure [31], quantifies how difficult it is for a crack to initiate
in a structure, and the energy dissipation (or toughness) corre-
sponds to the area under the load–displacement curve, indicating
the total amount of energy required to fracture the sample. Look-
ing at the control samples, it is evident that the first type (φ0 =

0◦, distributing the defects parallel with the notch) fracture easily
and dissipate very little energy during failure. Once initiated, the
crack propagates straight along a defect through the entirety of
the structure. In the second case (φ0 = 90◦, distributing the
defects perpendicular to the notch) the samples show very high
fracture toughness (i.e., it is difficult for the cracks to initially form
and propagate). However, these also have low energy dissipation,
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Fig. 1. (a) Illustration of an extrusion-based additive manufacturing process with its characteristic systematic distribution of defects; inset is a microscope image
showing the defect distribution between filaments within a plane perpendicular to the filaments; (b) Schematic of Bouligand structure; (c) Schematic of the single-edge
notched bend (SENB) experimental tests, including the geometric parameters of the samples and the definitions of coordinates; (d) Photographs of samples after
testing, showing similar fracture surfaces from two different materials (PLA and PDMS) printed with two different additive processes (FDM and DIW, respectively);
(e) Load–displacement behavior of PLA samples as measured during SENB tests; (f) Fracture toughness of the PLA samples; (g) Energy dissipation of the PLA samples.

as the samples fail immediately after reaching the peak load. The
large discrepancy in fracture toughness between the two control
samples means there is a preferred direction (being φ = 0◦)
for crack propagation within each region of the structure with
constant raster angle. For the Bouligand structures, pitch angles
of γ = 5◦, 10◦, 30◦, and 45◦ were used, with the infill angle of
the first layer aligned with the crack front (φ0 = 0◦). (A larger
pitch angle will result in more periods within a given number of
layers. Images of samples with different pitch angle are shown in
Fig. S3 where the periodicity can be clearly observed, particularly
for lower pitch angles.) In contrast with the control samples, The
fracture toughness of the Bouligand samples do not show signifi-
cant variations (regardless of pitch angle γ ). However the energy
dissipation of all but one type of Bouligand structure exceeds that
of the control samples. During the test, these structures showed
extreme resilience and did not catastrophically fail even as the
deflection reached up to 25 mm (equivalent to a bending angle
of 83.6◦). The samples with a pitch angle of 10◦ showed the
maximum amount of energy dissipation (2.25 times higher than
the unidirectional control samples with φ0 = 90◦ and 10 times
higher than the unidirectional control samples with φ0 = 0◦).

The properties of the defects between the filaments can signif-
icantly affect the fracture properties. To confirm this, we altered
the properties of the defects between filaments, alleviating ma-
terial heterogeneity by post-processing (thermal annealing) and
changing the size of the geometric defects (associated with the
imperfect merger of filaments) by adjusting print parameters
(specifically, filament spacing). As expected, changing the defects
(e.g., their average size) does indeed change the failure charac-
teristics (details in Fig. S4). This suggests that there is an optimal
defect size for obtaining the maximal toughness: If defects are
too small they do not generate sufficient anisotropy to control
the fracture mode (twisting vs. branching); if defects are too large
then adjacent layers of filaments do not transfer sufficient stress.
This also shows that the arrangement of the characteristic defects
is responsible for the changes in failure properties.

3. Analysis

To better understand the toughening mechanism in the Bouli-
gand portions of our structures, here we examine the fracture

behavior analytically, with the goal of qualitatively capturing the
most essential features of the failure surface. While the fracture
of Bouligand structures comprising multiple materials has been
previously studied [20], here we show that it is not necessary to
have a complex multimaterial composite to achieve toughening:
a Bouligand-like 3D distribution of defects in a single-material
system produces the same result. It is the local anisotropy that
is essential for producing the toughening (which can be achieved
either by interfaces between dissimilar materials or by defects),
not interfaces between multiple materials. In order to under-
stand the key characteristics of the crack behavior, we assume
a simplified, flat crack front, twisted under global Mode-I loading
and propagating through a linear, elastically-isotropic material,
similar assumptions as in previous work [28]. The assumption
that the material is elastically isotropic has minimal effect on
our results, since, as we have shown in the SI, the anisotropy
of the elastic properties of the printed layers is rather small. We
also assume a helical crack pattern of the form Y = −Z tan dφ

dX X
(using the coordinates described in Fig. 2a), where dφ

dX defines the
pitch of the helical surface. With the crack propagating in the
X direction, the twisting angle α describes the angle between
the XZ plane and the point on the crack front while the angle
φ describes the twisting of the crack front with respect to the
X direction. These two angles can describe the ratio of the local
energy release rate (G0) and the global Mode-I energy release rate
(GI ):
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Fig. 2. (a) Schematic of the twisting angle ahead of the crack tip; (b) surface plot ratio of G0/GI vs. φ and α (the magenta surface corresponds to the analysis in
this work; the blue surface is plotted from the results of Ref. [20]) and (c) contour plot of (GT /G0)2 on the surface of G0/GI . (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

In our structures, each infill layer of unidirectional filaments
has two possible failure modes. The first mode consists of fracture
parallel with the filaments (typically along the defects that exist
between the filaments). In Bouligand structures with a different
filament orientation for each layer, this leads to a twisting crack
as the crack tip propagates from layer to layer. We therefore
refer to this type of failure as a twisting mode (energy release
rate corresponding to this mode is GT ). The other distinct failure
mode is fracture perpendicular to the filaments. In a Bouligand
architecture this can lead to a sharp translation or splitting of
the crack tip. We therefore refer to this type of behavior as a
branching mode (energy release rate corresponding to this mode
is GB). The branching mode is much tougher and stronger, as
measured experimentally (Fig. 1f and g). As a crack propagates
it may move from one failure mode to the other based on the
local conditions. For example, a crack propagating in the twisting
mode may occasionally branch, as observed previously in com-
posites [28]. We assume a mixed fracture criterion with a square
form that includes both fracture modes:( GT

GT ,c

)2
+

( GB

GB,c

)2
= 1 (3)

Note from Eq. (1) that GT/GI = g(φ, α) is a function of the
twisting angle φ and α. The local coordinate for the branching
mode involves a rotation of π/2 about the local X axis. Hence
the local effective energy release rate for branch mode can be
described by the same α of the twisting mode and φ′

= φ +

π/2 with GB/GI = g(φ′, α). Now by multiplying Eq. (3) by
(GT ,c/GI )2 and plugging in these two expressions, we obtain the
local fracture criterion:

G0

GI
=

√
g2(φ, α) +

(
GT ,c

GB,c
g(φ + π/2, α)

)2

(4)

To compute the ratio between the two critical energy re-
lease rates GT ,c/GB,c , we can find the critical energy release rate
for the two cases GT ,c and GB,c where Gc =

K2
IC
E by assuming

a linear elastic material. The stiffnesses for the twisting mode
and the branching mode are simply those of the transverse and
longitudinal samples, respectively. Unlike the case presented pre-
viously [28], which involved a soft matrix, the strength ratio
between our two fracture modes might prefer filament breakage
as the crack tip twists. The local fracture criterion in Eq. (4) is
plotted in Fig. 2b. The prior analytical result [28] is also plotted
here as the blue surface. Note our criterion is generally larger than
the previous work (indicating it requires less external loading for
the crack to propagate) since we allow an additional failure mech-
anism not considered previously. Moreover, we can see that the
ratio G0/GI ≈ 1 at the center of the crack when φ = 0◦, indicating
that the crack would prefer to fail completely along the filaments
initially (φ = 0◦). As the crack grows the contribution from the
longitudinal fracture increases the load required to propagate the
crack (effectively decreasing G0/GI ). Additional information can

be extracted from Fig. 2c as the contribution from the twisting
mode (GT/G0)2 is plotted as a surface contour. Note, when the
ratio is 0.5, both failure modes contribute equally. In this plot,
the black line partitions the twisting angle into two spaces where
each failure mode is preferred. In our case, when the filament
becomes perpendicular to the crack front (φ = 90◦) our structure
would prefer to break the filament (fail in the branching mode)
rather than propagate in the twisting mode.

4. Microstructural evolution during failure

In addition to the above experiments and analysis, we charac-
terized the fracture surfaces after failure, and at different stages
during failure, to determine whether the failure characteristics
match the model. First, Fig. 3 shows schematics of infill an-
gles at the fracture surfaces for various pitch angles and their
corresponding periodicities. Fig. 3 also shows optical images of
the fracture surfaces after complete failure. For pitch angles of
5◦ and 10◦ (Fig. 3a and b), a complex 3D fracture surface is
observed, with crack propagation both in and out of plane. The
dashed lines in Fig. 3a and b indicate the distance over which the
given pitch angle leads to a complete revolution of the helical
Bouligand structure. Interestingly, the fracture surface indicates
that the crack clearly twists within each indicated period. The
crack surfaces also reveal the expected twisting mode as φ → 0◦

and the branching mode as φ → 90◦ as predicted in Fig. 3a and
b in accordance with our previous analysis. The crack surfaces
for samples with pitch angles of 30◦ and 45◦ (Fig. 3c and d,
respectively) show less out-of-plane variation, with more uniform
filament breakage and pullout.

More details about the crack propagation and toughening
mechanisms can be obtained by measuring the internal crack
growth at different stages of failure (see Fig. 4). To do this, six
identical SENB samples were fabricated with the same pitch
angle (γ = 10◦). These were tested under the same loading
conditions, but with the loading halted at various stages of de-
formation (see the numbered points in Fig. 4a, indicating where
the testing was stopped for each of the six samples). The initial
load–displacement curves for all of the samples are very similar,
with the average load shown in black, and the standard deviation
of the load plotted in gray around it (Fig. 4a). After loading,
each sample was subsequently scanned in µCT to identify how
the crack and the morphology of the material surrounding it
change as a function of displacement. From these data we first
extracted the crack length (in the X direction) for each sample.
Using this information together with the load–displacement data
for each sample, we calculate the strain energy release rate J
(Fig. 4b). The energy release rate shows a clear bilinear behavior,
indicating that an increased driving force is required as the crack
propagates. This implies that extrinsic toughening mechanisms
are present in our structure [32] similar to mechanisms in natural
materials [3,4] and other bioinspired composites [33]. To explain
the transition in energy release rate and the transition in crack
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Fig. 3. Schematic of filament orientations and optical images of the fracture surface for samples of all pitch angles: (a) 5◦ , (b) 10◦ , (c) 30◦ , and (d) 45◦ . The initial
crack front is located at the left of each image. Enlarged versions of these images are shown in Fig. S5 without annotations.

Fig. 4. µCT data for six samples (with pitch angle γ = 10◦). (a) For each of the six samples the fracture testing was halted at one of the six indicated positions;
(b) the energy release rate; (c) illustration of µCT result datum planes; (d) 3D reconstruction of the µCT data at the crack front region, and YZ slices ahead of the
original crack front.

behavior at the critical point where the slope sharply changes,
we rely on information obtained via µCT, specifically regarding
the YZ plane (as shown in Fig. 4c).

In Fig. 4d we show the crack region in the YZ plane which
lies directly in front of the initial notch. Sample 1 (loaded to the
peak load in Fig. 4a, but not beyond it) shows minimal damage
with a very short crack. The crack grows by a factor of three
as the load–displacement curve moves from Point 1 to Point 2
(Fig. 4a). In the YZ plane, the crack is initially observed to follow
the filament direction (similar to a twisting crack). However, in
the third cross section of Sample 2 (φ ≈ 45◦) both the twisting

mode and the branching mode are observed (the center filaments
follow the branching mode while the side filaments follow the
twisting mode). The analytical model predicts that as φ increases
there is an increasing contribution from the branching mode,
and that such an effect is strongest at the center of the sample
(α = 0◦), as shown in Fig. 2c. This effect is even more clear in the
fourth cross section (φ ≈ 85◦) as the center crack associated with
the branching mode is longer than that seen in the third cross-
section, providing a larger region that is favored to propagate
cracks in the branching mode. The crack path for Sample 3 is
slightly different than for Sample 2, as a twisting mode seems
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to propagate on the left hand side and a branching mode on the
right hand side. This could be the result of the propagation of two
separate cracks, which can be seen in the 3D reconstruction of
the µCT for Sample 3. Nevertheless, it still supports our previous
observation of an increasing contribution from crack branching
as the crack propagates. The crack surfaces for the first three
samples show that the structure is toughened by both twisting
and branching cracks, accordingly producing the complex fracture
surfaces observed in Figs. 3 and 4.

Referring to Fig. 4b, the crack length for Sample 3 is very close
to the critical length at which the strain energy release rate J
transitions to the higher slope of the second linear region. For
the higher displacements of Samples 4–6, all of which correspond
to the second (high-slope) region of the strain energy release
rate in Fig. 4b, the load–displacement behavior shows minimal
load drop as the sample deforms (Fig. 4a). From the µCT results
it is clear that this regime is associated with very slow crack
growth. The layers ahead of the initial crack tip realign in the
direction perpendicular to the crack front, which is especially
clear in the cross-sectional images for Sample 4. This effect could
be the result of multiple twisting cracks formed within a single
layer. As the loading continues, the filaments have the freedom
to align perpendicular to the original crack front, increasing the
driving force required for the crack to propagate further. This also
explains the large residual loads (after passing the peak load) in
the load–displacement curves of these samples with pitch angle
γ = 10◦. For a smaller pitch angle such as γ = 5◦, more layers fail
in the twisting mode as the crack propagates. This means there
should be less residual load after passing through the peak load.
This is precisely what is observed in Fig. 1e. For a pitch angle of
γ = 30◦ the stiffness difference between two subsequent layers
is much larger, and therefore failure can also occur between each
layer.

5. Toward optimized, heterogeneous defect distributions

Based on the fracture properties presented in Fig. 1, the Bouli-
gand defect distribution achieves higher energy dissipation
(toughness) but does so at the cost of decreased strength and
fracture toughness, reflecting the classic materials tradeoff [32].
Natural materials, however, are not uniform: they utilize highly-
optimized composite architectures that are heterogeneously dis-
tributed to maximize mechanical and physical properties for a
given set of loading conditions. Likewise, additive manufacturing
can be used to heterogeneously distribute different motifs to
maximize mechanical performance. Bouligand structure (such as
in the Stomatopod club) plays a vital role in increasing the energy
required to continue the propagation of a crack. However, the
structure is not ideal for preventing the formation of a crack
tip in the first place. For this reason, natural materials com-
bine Bouligand structures with other motifs with higher local
strength (but more brittle failure) such as a hard shell, which
act as the first layer of defense [5]. Making use of the layer-
by-layer freedom of additive methods, we mimic this strategy
observed in natural composites by printing heterogeneous struc-
tures as illustrated in Fig. 5a. A unidirectional region (UR) is
placed perpendicular to the notch, where its high stiffness and
strength (yet brittle failure profile) serves to delay the onset of
the crack, producing maximum strength during crack initiation.
Subsequently, once the crack forms and propagates through this
first region, it reaches the periodic region (PR) where the defects
are arranged in Bouligand form (in this case using a pitch an-
gle of 10◦), which increases the energy required for the crack
to continue propagating. Together, this heterogeneous structure
achieves fracture properties that avoid the pitfalls of either a
pure bouligand (PR) structure, with its high energy dissipation

but low fracture toughness, or a pure unidirectional print (UR),
with its high strength and fracture toughness but low energy
dissipation (Fig. 5b). This simple example illustrates how additive
manufacturing could be married to modern design and opti-
mization techniques to produce optimal heterogeneous defect
distributions for maximal combinations of target properties (such
as high strength and toughness).

Just as defects play an essential role in determining the me-
chanical properties of metals, ceramics, and composites fabri-
cated via traditional manufacturing processes, the same is true
for materials produced via additive processes. Additive manu-
facturing unavoidably introduces characteristic, systematic de-
fects based on the build sequence. By arranging these defects
in a geometric motif inspired by natural materials, we achieved
toughening mechanisms (intricate crack path and mixed loading
at crack tips) comparable to those observed in natural materials
and in bioinspired composites. Moreover, by spatially varying the
defect distribution (as observed in natural materials) one can
in principle optimize for maximal combinations of strength and
toughness. Unlike previous research, which focused on multima-
terial 3D printing, which is highly materials specific (for example,
the ratio of stiffness between the two materials, the interfacial
adhesion, etc.), we have shown that the defect distribution alone
can be controlled to enhance the failure characteristics even in
single-material systems. These results are therefore relevant to a
wide variety of materials systems and additive approaches.

Materials and methods

FDM printing

The structures are printed with a commercial FDM printer
(Makergear M2) with PLA (Hatchbox 1.75 mm filaments) using
a 0.25 mm diameter nozzle heated to 190 ◦ C on a heated bead
(60 ◦ C). Each printed filament has a width (w) of approximately
0.3 mm and a layer height (d) of 0.15 mm.

DIW printing

PDMS, consisting of 85% SE1700 and 15% Sylgard 184 (Dow
Corning), was printed via DIW following a previously-developed
procedure (see, e.g., Ref. [34]). To enhance the mechanical
anisotropy of the structure, a small region (1 mm wide) within
the center of each layer is printed using PDMS with a lower
concentration of curing agent (ratio of 15:1 resin to curing agent
instead of 10:1). Printed structures are cured at 100 ◦C for 3 h.

Mechanical testing

Mechanical testing is conducted using an Instron Model 5564
operating in displacement control for both tensile and bending
tests. Tensile tests are conducted with a strain rate of 0.0015 s−1.
Bending tests are conducted with a displacement rate of
2 mm/min.

X-ray microtomography

µCT is conducted using a Scanco VivaCT 80 at a spatial reso-
lution of 78 µm. All six samples were placed inside an 80 mm di-
ameter tube. Scan data are saved as tiff images and subsequently
analyzed using MATLAB.
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Fig. 5. (a) Illustration of a bioinspired, heterogeneous sample including a high-strength (but more brittle) unidirectional region directly in front of the notch (designed
to inhibit crack initiation), and a Bouligand region beyond it (designed to increase the energy cost for a crack to continue propagating once initiated); (b) Normalized
fracture properties for the Bouligand structure with pitch angle γ = 10◦ (with the highest energy dissipation), the unidirectional structure with φ0 = 90◦ (with the
highest fracture toughness), and a heterogeneous structure that combines both.

Fracture property calculation

Fracture toughness of the SENB sample is calculated from
the geometry and peak load P following ASTM-E399-17: KI =

PS/(BH3/2)f (a/W ), where f is a non-dimensional geometric fac-
tor [31]. The energy release rate J is calculated stepwise using
the measured crack length a, the area under the load displace-
ment curve Apl, and ligament b ≡ H − a: Jpl(i) = [Jpl(i−1) +

(1.9/b(i−1))(Apl(i) − Apl(i−1))/B][1 − (a(i) − a(i−1))/bi−1] [33].
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