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Bioinspired architectural design for composites with much higher
fracture resistance than that of individual constituent remains a
major challenge for engineers and scientists. Inspired by the
survival war between the mantis shrimps and abalones, we design
a discontinuous fibrous Bouligand (DFB) architecture, a combina-
tion of Bouligand and nacreous staggered structures. Systematic
bending experiments for 3D-printed single-edge notched speci-
mens with such architecture indicate that total energy dissipations
are insensitive to initial crack orientations and show optimized
values at critical pitch angles. Fracture mechanics analyses demon-
strate that the hybrid toughening mechanisms of crack twisting
and crack bridging mode arising from DFB architecture enable ex-
cellent fracture resistance with crack orientation insensitivity. The
compromise in competition of energy dissipations between crack
twisting and crack bridging is identified as the origin of maximum
fracture energy at a critical pitch angle. We further illustrate that
the optimized fracture energy can be achieved by tuning fracture
energy of crack bridging, pitch angles, fiber lengths, and twist
angles distribution in DFB composites.
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Bioinspired structural designs attract intense interest in
achieving remarkable fracture resistance in synthetic fibrous
composites (1-3), which provide enhanced fracture toughness
well beyond their constituents by controlling crack propagation
modes dictated by internal architectures (4, 5). Typically, natural
fibrillar materials act as basic building reinforcements to create
fracture-resistant materials through controlling fibrillar align-
ments and orientations in three-dimensional (3D) assembly (6).
Varying the arrangements can create materials with vastly dif-
ferent macroscale mechanical properties (1, 2, 6, 7). One prime
example is the Bouligand architecture characterized by the
stacking of fibrous layers rotated by a pitch angle in chitin
nanofibrils-based natural materials (8-18), such as the exoskeleton
of arthropods (e.g., crab, lobster, beetles, and shrimp) and mam-
mal bone, etc. The dactyl club of mantis shrimp composed of
mineralized chitin nanofibrils lamellae organized in a twisted
plywood (Bouligand) structure exhibits exceptional damage re-
sistance (9, 11, 16, 17). In the survival war between mantis shrimps
and abalones (Fig. 14), the abalones are often the prey of mantis
shrimps, and in general, the “spear” of mantis shrimps armed with
powerful dactyl clubs can often shatter the “shield” of hard aba-
lone (19). This is particularly intriguing because these abalone
shells composed of mineral crystals and protein matrix with
“brick-and-mortar” arrangements (i.e., nacreous architecture) are
themselves considered a benchmark of supertough biocomposites
(20-24). Given that both Bouligand and nacreous structures show
considerable reinforcement, it is still elusive whether the
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Bouligand structure in its “spear” plays important role in the
competition of mantis shrimp as the winner or not. Recent studies
demonstrated that when the arrangements of fibrils in crustacean
cuticle change from the nacreous staggered structure with an
orientation along the longitudinal axis to the Bouligand pattern,
the anisotropic elasticity of the structure decreases monotonously
(6, 25) (Fig. 14). This motivates us that Bouligand-type arrange-
ments may provide efficient ways to achieve excellent mechanical
performances without fiber orientation dependence, which is a
severe limit in unidirectional fibrous composites (6, 26).

Recent investigations revealed that crack twisting mode sig-
nificantly enhances fracture toughness in the Bouligand archi-
tecture where a crack plane propagates following the twisted
fiber orientation (27-33). This amplifies the crack surface area
and reorients fibers orientation in response to external loadings
(27-29, 33), e.g., tension, bending, or impact loads. The resultant
modulus oscillation in the Bouligand structure is also proposed
to promote the crack twisting (30). For nacreous architectures,
the crack bridging mode arising from the discontinuous platelets’
pull-out and sliding in the crack front provides enhanced
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Structural design for DFB composites. (A) Survival wars between mantis shrimps and abalones (9), and 3D maps of Young's modulus for different

architectures in crustacean cuticle, where chitin-protein nanofibrils with a nacreous array show high anisotropy, while fibrous plywood with Bouligand
architecture exhibits in-plane isotropy (25). (B) Structural characteristics in a pitch for a DFB architecture, a combination of Bouligand and nacreous structure.
(C) Geometric configurations for 3D-printed single-edge notched bend specimens with DFB architecture. (D) Effects of the orientation of initial crack tip g on
the total energy dissipation E,, in the unidirectional, orthogonal, and Bouligand architectures with discontinuous fibers, respectively. Error bars represent 1 SD

measured over at least three samples.

toughness (23, 24, 34, 35). Both bioinspired toughening mecha-
nisms have been successfully applied in engineering composites
(22, 36-39), respectively, e.g., the impact-resistant nacreous glass
and the tough Bouligand composites. Remarkably, experiments
and theoretical analyses demonstrated that crack twisting and
fibril bridging may coexist during the fracturing process in the
natural materials with Bouligand structures, e.g., the stomatopod
dactyl club and arapaima fish scale (16, 17, 40-43). In the
meanwhile, experimental investigations showed that there exist
critical pitch angles (the angle difference in orientation of ad-
jacent fiber layers) corresponding to maximum fracture tough-
ness in synthetic twisted plywood materials (37). In natural
structural materials, the beetle exocuticle with Bouligand structure
has a specific pitch angle about 12° to 18° and a linear twist angles
distribution in a pitch (a distance for a 180° rotation) (44), and the
pitch angles are about 6.2° and 22.5° in the stomatopod dactyl club
(36) and the spearer telson of Lysiosquillina maculata (17), re-
spectively. However, most previous models of twisted plywood
with continuous fibers did not predict the experimentally observed
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hybrid toughening mechanisms of crack bridging and crack twist-
ing. In particular, some key questions remain to be explored at
present. Why a specific pitch angle and a linear twist angle dis-
tribution in a pitch are so important in such Bouligand architec-
tures? How can we learn this to design superior fibrous composites
with optimized fracture resistance by using 3D-printing technology
since it provides precisely controlling for internal geometric pa-
rameters (45-48)? Here, we carried out three-point bending tests
and developed a fracture mechanics model for a designed 3D-
printed discontinuous fibrous Bouligand (DFB) architecture with
the combination of Bouligand and nacreous staggered structures,
which provides the answers to the above questions.

Results and Discussion

Experimental Investigations for a DFB Architecture. Inspired by the
structural arrangements in the exoskeleton of aggressive crusta-
ceans (e.g., crab, lobster, or mantis shrimps), where the chitin—
protein nanofibrils with finite characteristic length are arranged
in a overlapped array to form lamellae and the chitin—protein
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fibrils lamellae are arranged in the twisted plywood pattern (9,
17, 25, 44) (Fig. 14), although not only the structure but also the
mechanical properties of the materials, size, and geometry play
important roles in the competition between mantis shrimp and ab-
alone shells in nature, we hypothesize that the structure that exhibits
the combination of the toughening mechanisms of crack twisting and
crack bridging endows the mantis shrimps with remarkable fracture
resistance as well as crack orientation insensitivity. To prove our
hypothesis, we designed a DFB architecture with the combination of
Bouligand and nacreous staggered structures by 3D printing to ex-
amine how the fracture resistance depends on the controlled ar-
chitectural parameters (Fig. 1B). It is worth mentioning that
although the architecture of natural materials is not a standard DFB
structure, the hybrid-toughening mechanism in the designed DFB
structure is consistent with that in natural Bouligand materials (9, 16,
17, 43). In Fig. 1B, a rotation of 180° in DFB architectures is
characterized by pitch angle y,, dimensionless fiber length / = 1/d (d
is the fiber diameter) and twist angle distribution ¢ along the crack
propagation direction (x axis). The orientation of fiber aligned with
the y axis is defined as ¢ = 0° and the fiber layers rotate in the
counterclockwise direction around x axis. The discontinuous fibers
are regularly staggered with a 50% offset length in a planar nacreous
array. The dimensions for 3D-printed three-point bending com-
posites with single-edge notches were illustrated in Fig. 1C, where L,
W, H, S, t, and h denote length, width, height, span length, interlayer
space and notch length, respectively. The composites composed of
hard fibers (VeroWhitePlus, a rigid polymer with a Young’s mod-
ulus of 0.8 GPa) and soft matrix (TangoblackPlus, a rubber-like
polymer with a Young’s modulus of 0.2 MPa) with DFB arrange-
ments were fabricated using multimaterials 3D-printing technology,
and the high modulus contrast between the fibers and matrix phases
promotes crack twisting along the interface. The details of the fab-
rication and mechanical testing of these samples are provided in
Materials and Methods and SI Appendix, Supplementary Discussion 1
and Fig. S1).

We designed unidirectional, orthogonal, and Bouligand archi-
tectures with discontinuous fibers under different initial crack
orientations f (Fig. 1D), where the angle between the axis of initial
fiber layer at notch tip and direction of the notch front (y axis) is
defined as initial crack orientation f, and the subsequent fiber
layers are stacked in order according to pitch angle. The same
three-point bending testing conditions and geometries (H = 22.5
mm, L =5H, W=H,t=0.9 mm, and & = H/5) are applied to all of
the samples. Fig. 1D plots the total energy dissipations E,, in these
samples as a function of § given a fiber length [ = 25, respectively.
The values of E, were obtained by integrating the force—
displacement curves (SI Appendix, Fig. S24). The E,, in unidirec-
tional discontinuous fibrous composites linearly increases with f.
For the orthogonal discontinuous fibrous composites, E,, reaches
maximum at § = 45°. In contrast, the values of E, become in-
sensitive to § in DFB composites. In addition, the crack orienta-
tion insensitivity holds in DFB architecture under different pitch
angles y,. Interestingly, the values of E, in DFB architecture are
nonmonotonically dependent on y, and can be higher than that in
unidirectional or orthogonal architecture. The results in Fig. 1D
clearly show higher energy dissipations with crack orientation in-
sensitivity in DFB composites with an optimal pitch angle, in
comparison with unidirectional discontinuous fibrous structure
with nacreous staggered arrangement, which may, at least par-
tially, explain why the stomatopod dactyl club with Bouligand
structure can often shatter the hard abalone with nacreous
structure in nature from a view of a structure level.

Furthermore, Fig. 24 demonstrates the postmortem fracture
surface patterns of the tested specimens in Fig. 1D, respectively.
In the unidirectional discontinuous fibrous architecture, the fi-
bers can separate by opening interfibrillar gaps and the crack
propagates along the soft interface between fibers when g is
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small, while lots of fibers pull out and fracture when f increases
to 90°, and the tilted angle between the crack surface and the
notch front is around 40° at # = 40°. Flat brittle failure surfaces
with the breakage of fibers oriented along the loading axis are
shown in the orthogonal discontinuous fibrous samples under g =
0° or 90°, and only half of the fibers in whole structure carry loads.
However, a tilted zigzag brittle fracture surface oriented at about
40° is shown in the sample when g = 40°. Based on the curve fitting
of experimental results, the area of fracture surface reaches
maximum when the crack orientation is about 45°, which leads to
the maximum energy dissipation in the orthogonal discontinuous
fibrous structure (SI Appendix, Fig. S2B). For DFB structures with
a pitch angle of 20°, the fracture surfaces morphologies clearly
demonstrate the combination of crack-twisting zones and crack-
bridging zones, which are consistent with multiple deformation
mechanisms acting in natural Bouligand materials (9, 17, 43). In
crack-twisting zones, crack plane propagates following the twisted
fiber orientation. In the crack-bridging zones where the fibers are
nearly parallel to the loading direction, separation of columnar
stacks of fibers occurs due to discontinuous fibers’ pull-out and
breakage. It is worth mentioning that the fiber fracture and the
fiber pull-out are all considered as bridging toughening mecha-
nisms and are not strictly distinguished in our work, and they all
promote the fracture toughness of crack bridging. The effective
area of the fracture surface in a pitch remains constant due to
crack-twisting propagation in Bouligand-type architecture and is
insensitive to initial crack orientations. Meanwhile, the crack-
bridging toughening mechanism and the amplified fracture sur-
face area caused by crack twisting result in much higher energy
dissipation level. Therefore, the hybrid toughening mechanisms of
crack twisting and bridging in DFB architecture enable excellent
fracture resistance with crack orientation insensitivity.

To examine how the fracture performances of DFB composites
depend on the pitch angle y,, we carry out a series of three-point
bending tests on 3D-printed samples with precisely designed pitch
angles and fiber length at # = 0°. Some representative CAD models
and force—displacement responses for the DFB composites under
different pitch angles are shown in SI Appendix, Fig. S1 E and F. The
snapshots and a typical force—displacement curve in Fig. 2B clearly
demonstrate the fracture propagation paths included the crack twist-
ing and the fiber bridging. It is worth mentioning that based on the
experimental observation of dominating crack twisting, bridging, and
insignificant crack branching, we ignored the possibility of crack
branching during the crack growth in current DFB structure, which is
different from the fracturing process in some fiber-reinforced com-
posite materials. More comprehensive analyses considering more
toughening mechanisms (crack branching and delamination) are of
our research interest in the next step. Fig. 2C shows that the total
energy dissipation E,, reaches maximum at a critical pitch angle (o ~
25°), which is in good agreement with previous investigations for
critical pitch angles in natural materials, e.g., the pitch angle in beetle
exocuticle is about 20° and the fracture toughness reaches maximum
when y( ~ 15° in synthetic twisted composites (37, 44). The fracture
surfaces for the samples with yo = 5°, 20°, and 45° clearly show the
hybrid fracture mode of crack twisting and crack bridging (see Insets in
Fig. 2C). As the pitch angle increases, the fracture surface morphol-
ogies change from crack-twisting—dominated pattern to crack-
bridging—dominated pattern, and proportions for the crack-twisting
zones and the crack-bridging zones become nearly equal at the opti-
mized pitch angle. In contrast, the Bouligand structures with contin-
uous fibers show an obvious catastrophic delamination, which
significantly weakens structural integrity, and an optimal pitch angle at
which the fracture toughness reaches maximum does not exist any-
more (SI Appendix, Fig. S10). Furthermore, experimental results in
Fig. 2D show that the critical pitch angle decreases as the fiber length
increases. This may explain why different values of the critical pitch
angle in fibrous Bouligand architectures are experimentally reported.
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Fig. 2. Experimental characterizations of the 3D-printed DFB composites. (A) Fracture morphologies for the unidirectional, orthogonal, and Bouligand
architectures with different initial crack orientations . (B) A force—displacement curve for the samples with I =25, 7o = 20°, and g = 0°, and the Insets show
the crack propagation paths. (C) Energy dissipation E,, of the structure with | = 25 under different pitch angles y,. (D) E,—~, curves for the DFB structure with
different I. Pseudocolor is applied to highlight the fracture patterns include crack-twisting zone (red) and crack-bridging zone (green) in A and C. Error bars in

C and D represent 1 SD measured over at least three samples.

Fracture Mechanics Analyses. Furthermore, we developed a fracture
mechanics model to elucidate the mechanism of crack orientation

Supplementary Discussion 2—4. Based on the maximum energy
release rate criterion in fracture mechanics, the fracture mode of

insensitivity and maximum energy dissipations in DFB architec-
ture. As shown in Fig. 34, a model that takes crack twisting and
crack bridging into consideration simultaneously is developed, and
details can be seen in Materials and Methods and SI Appendix,

crack bridging happens when the local energy release rate for
driving crack twisting (see Eq. 3) is lower than that for crack
bridging (Eq. 4). In the following calculations, we choose a rep-

resentative value (éz = 2.5) for the dimensionless fracture energy
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Fig. 3.

Fracture mechanics prediction of the DFB structure. (A) Schematic of a fracture mechanics model considering crack twisting and bridging simulta-

neously. (B) The dimensionless local energy release rate G and crack surface morphology for DFB structure with / = 8, yo = 10°, and G; = 2.5. (C) The effects of
initial crack orientation g on the dimensionless effective fracture energy G: in the DFB structure under different pitch angles y,. (D) The values of the di-
mensionless released strain energy U and the dimensionless crack surface area S in crack-twisting zones and crack-bridging zones of the structure under
different g, and the Insets show the distribution of G and the crack surface morphologies under different .
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of crack bridging 6; (6; = G4 /T, where Ty is the intrinsic
fracture energy for steady-state crack propagation). The value is
close to the values of ?b for 3D-printed DFB composites in above
experiments, the twisted chitin nanofibrils-based exoskeleton of
beetles, and the synthetic twisted cellulose composites (44, 49, 50),

and the detailed calculations for G; can found in SI Appendix,
Supplementary Discussion 5. Fig. 3B shows a representative crack
surface morphology and the localized energy release rate distri-
bution in the DFB structure with yo = 10°, / = 8, and g = 0°. The
values of the normalized local energy release rate G (G = G/G,
where G is the global energy release rate) dramatically decrease
as the crack propagates following the twisted fiber orientation,
forming the crack-twisting zone first. Then, the crack propagates
across the fibers when G is too low to drive the twisting crack
further propagate, forming crack-bridging zone. With the further
propagation of crack plane, the G increases and fracture mode
returns to the crack-twisting mode. The calculated crack surface
morphologies with the combination of crack-twisting zones and
crack-bridging zones are in good agreement with that in experi-
mental investigations for 3D-printed DFB composites and natural
Bouligand materials (9, 17, 43).

Fig. 3C plots the dimensionless effective fracture energy Gﬁ
(Eq. 7) as a function of initial crack orientation (#) in DFB ar-
chitectures under different pitch angles (y,) based on the fracture
mechanics model. The Insets in Fig. 3C show that the twist angle
of the initial fiber layer is ¢(X = 0) = § in the schematic con-
figuration and the twist angle changes linearly from ¢ = g to
¢ = = + B in a pitch, and the detailed calculations can be seen in
SI Appendix, Supplementary Discussion 3. The calculated results

show that the values of G, in the DFB structure are really in-
sensitive to g under different y, (Fig. 3C), which are in good
agreement with our experimental results (Fig. 1D). Fig. 3D shows
that the values of released strain energy U (Eq. 6) and crack
surface area S in crack-twisting zones and crack-bridging zones
do not vary with g. The Insets in Fig. 3D illustrate that, although
the initial crack orientation alters the distribution of local energy
release rates and the morphologies of crack surface composed of
the alternation of crack-twisting zones and crack-bridging zones,
the sum of crack surface area in crack-twisting zones and crack-
bridging zones remains constant in a pitch under different g. This
insensitivity to f originates from the fact that the Bouligand-type
arrangements of the inner fibrous layers can adapt to different
by forming twisting fracture paths and reorienting the lamellae in
response to loads in different orientations. Meanwhile, both
crack twisting and crack bridging significantly enhance the frac-
ture toughness of the DFB structure. The theoretical results in

Fig. 3 elucidate why the DFB architecture enables exceptional
crack orientation insensitivity.

The theoretical results in Fig. 44 also show that there exists a
critical pitch angle (y, ~ 25°) at which the effective fracture en-
ergy (Gz) reaches maximum in the DFB architecture with [ = 25

and 62 = 2.5. In the meanwhile, the values of critical pitch an-
gles decrease as the fiber length increases (SI Appendix, Fig.
S4A4). Both theoretical predictions are in good agreement with
our experimental data in Fig. 2 C and D. Typically, for chitin—
protein fibers of the exoskeleton of beetles (44), the fiber length is
around I = 50, the optimized pitch angle for the largest fracture
energy is calculated as about 16° based on our model, which agrees
well with the experimental measurements. To further reveal the
underlying mechanism of the existence of critical pitch angle, we
analyzed the values of released strain energy (U) contributed by
crack-twisting mode (U,) and crack-bridging mode (U,) under dif-
ferent y, based on Eq. 6 in Materials and Methods, respectively
(Fig. 44 and SI Appendix, Fig. S4). Fig. 44 shows that with the
increase of y,, the proportion of released strain energy in crack-
twisting zone decreases, while that in crack-bridging zone increases.
At the critical pitch angle, there is a compromise in competition of
strain energy release between crack twisting and crack bridging.
This mechanism is further validated when we theoretically and ex-
perimentally calculated the proportion of crack area in crack-
twisting zone and that in crack-bridging zone with respect to the
change of the pitch angle as shown in Fig. 4B. The crack surface
area of crack-twisting zone (S,) and that of crack-bridging zone (Sp)
become roughly equal at critical pitch angles. In contrast, there is no
critical pitch angle with respect to maximum fracture energy when
the fracture mode is dominated by crack twisting or by crack
bridging only. For example, the values of released strain energy
contributed by crack twisting are much higher than that caused by
crack bridging under different y, in structure with /=15 and

GZ =5, which represents crack-twisting—dominated fracture mode
(SI Appendix, Fig. S4B). Conversely, SI Appendix, Fig. S4C shows
that the values of released strain energy in crack-bridging zone are
much higher than that in crack-twisting zone at different y, in the
case of crack-bridging-dominated fracture mode (/ =100 and
62 = 1.25). In the structure with crack-twisting—dominated mode,
the local energy release rates dramatically decrease as y, increase,
so G, increases with the increase of the y, (SI Appendix, Fig. S4B).
However, as the y increases, the significant decrease of the area of
twist crack surface results in the decrease of 62 in the structure with
crack-bridging-dominated mode (SI Appendix, Fig. S4C). Further-
more, SI Appendix, Fig. S4D shows that that there also exists an
optimal fiber length at which the fracture energy reaches maximum

)A4 GE =2.5 | =25 -A-Toughness-a- Twist zone 0.8 BU'B' W Twisl zone (Experiment) @ Bridge zone (Experiment)
2 -e- Bridge zon, —— Twist zone (Theory) —— Bridge zone (Theory]
+ i=25 Gg=25
3 F06 ~ 0.6+ +
D o
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Fig. 4. Optimized effective fracture energy in DFB architecture. (A) The dimensionless effective fracture energy G:, and the proportions of released strain
energy in crack-twisting zone (U;/(U; + Up)) and crack-bridging zone (Up/(U; + Up)) under different pitch angles y,. (B) Experimental investigations and
theoretical calculations for the proportions of crack surface area in the crack-twisting zone (5;/(S; + Sp)) and crack-bridging zone (S, /(S¢ + Sp)) under different
7o- The background color in A and B represents the fracture modes include crack-twisting-dominated mode (red) and crack-bridging-dominated mode
(green). Error bars in B represent 1 SD measured over at least three samples.
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in DFB structure, and the calculated results are consistent with the
experimental results in Fig. 2D.

To answer why twist angle distribution in a pitch of natural
Bouligand architectures [e.g., stomatopod dactyl club (9) and
beetle exocuticle (44)] is linear, we designed nonlinear twist
angles distribution in a pitch of the 3D-printed DFB composites
to reveal the effects of the twist angle distribution on the
fracture-resistance (SI Appendix, Figs. S5 and S6), and the de-
tailed calculations and discussions can be seen in Materials and
Methods and SI Appendix, Supplementary Discussion 4. Our cal-
culated results (SI Appendix, Fig. S5) show that the effective
fracture energy in the DFB structure with nonlinear twist angle
distribution is lower than that in the system with linear twist
angle distribution. In addition, the optimized fracture energy for
the DFB composites with nonlinear twist angles distribution can
also be achieved through tuning the pitch angles and fiber length
(8I Appendix, Fig. S5 E and F). These trends predicted by frac-
ture mechanics model are consistent with that in experimental
measurements of 3D-printed DFB composites with nonlinear
twist angles distribution (SI Appendix, Fig. S6). The above
analyses demonstrate that linear twist angle distribution in a
pitch in comparison to the selected nonlinear twist angle distri-
bution may facilitate higher resistance to fracture.

Optimization Design. For DFB architecture with linear twist angle
distribution, the pith angle y,, the fiber length [, and the fracture
energy of crack-bridging 6; are key structural parameters for
achieving formidable fracture resistance. Fig. 54 shows a phase
diagram of dominated fracture modes depending on é,c, and [ in
DFB architecture based on fracture mechanics model. The
fracture mode is dominated by crack-bridging mode in the
structure with larger / and smaller G, yet the smaller / and larger
GZ leads to crack-twisting—dominated mode. There is a region
for the hybrid fracture mode of crack-twisting and -bridging
mode. In the region of the hybrid fracture mode, the effective
fracture energy 62 can be optimized at the critical pitch angles.
Remarkably, the values of 6; for 3D-printed DFB composites
with [ =25, the beetles’ exoskeleton (44) containing chitin—
protein fibers with 7 = 50 and the synthesized twisted cellulose
composites (49, 50) with [ = 100 are estimated around 2.5, 2.41,
and 2.62, respectively (details in Supplementary Discussion 5).
Fig. 54 shows that the fracture mode for these materials with
Bouligand structure is really in the region of hybrid fracture
mode; thereby, there exists critical pitch angles at which the ef-
fective fracture energy reaches maximum. Fig. 5B further plots

G, as a function of y, and / in the DFB architecture with

6; = 2.5, which provides a representative optimization scheme
for the structures with the hybrid fracture mode. The above
analyses explain why there exist a specific pitch angle in natural
Bouligand composites and provide quantitative designing
guidelines for DFB composites with multiple fracture mecha-
nisms. Furthermore, quantitative comparisons between the DFB
structure and other typical architectures, including hard-bulk
structure, nacre-like structure, cross-lamellar structure, and
continuous fibrous Bouligand architecture, have been presented
in Supplementary Discussion 7 and SI Appendix, Figs. S8-S10,
which clearly show that the DFB structure with an optimized
pitch angle exhibits more superior quasistatic fracture resistance.
In addition, the measured flexural strength of DFB structure
increases with the decrease of the size of the fiber diameter (S/
Appendix, Fig. S11), which agrees with the scaling law of the
mechanical properties of fibrous composites (51). Therefore, we
believe superior fibrous composites with optimized effective
fracture energy by using 3D-printing technology or other com-
posite manufacturing technologies can be designed through
precisely controlling pitch angles, fiber lengths, fiber diameter,
fracture energy of crack bridging, and twist angles distribution in
the DFB architecture.

Conclusion

In summary, we designed a DFB architecture, a combination of
Bouligand and nacreous structures, which results in hybrid
fracture modes of crack twisting and crack bridging. Three-point
bending tests for 3D-printed specimens and fracture mechanics
analyses reveal that the sophisticated hybrid fracture modes
arising in DFB architecture leads to significantly enhanced
fracture resistance and crack orientation insensitivity. The
compromise in competition between the two toughening mech-
anisms leads to maximized effective fracture energy at a critical
pitch angle in DFB structure with a linear distribution. Fur-
thermore, we proposed structural design strategies for the opti-
mized effective fracture energy depending on the pitch angles,
fiber lengths, fracture energy of crack bridging, and twist angles
distribution in DFB composites. Our findings shed light on how
nature has evolved materials to exceptional fracture toughness
and provide the generic design strategies for bioinspired formi-
dable fracture-resistant fibrous composite systems that adapt to
loads in various orientations.

Materials and Methods

Fracture Mechanics Model. To understand the effects of crack orientation g,
the pitch angles y,, discontinuous fibers length I, and twist angle distribution
¢ in a rotation of 180° on the fracture energy of the DFB composites, we
developed a fracture mechanics model with the combination of crack
twisting and crack bridging, as illustrated in Fig. 3A and S/ Appendix, Fig. S3.

A = <70 B G
Crack Twisting w® = Twistzone £
dominated mode - @ Bridge zone 35
4 "l —---Linear fit
.‘-i —---Linear fit
u® " Crack Twisting and Bridging mode
R (Optimization of pitch angle) 3.0
0] 0
o] el s compoies 0t 5,50 o=@
(this work) P o 25
- ._..'1'. Crack Bridging
1 et A r dnllninnted nllode
0 40 80 - 120 160 200
I 2.0

Fig. 5. Optimization design for the DFB composites. (A) A phase diagram for fracture modes depending on the fracture energy of crack bridging and the fiber
length, and there exists optimized effective fracture energy in the structure with the crack-twisting and -bridging mode at critical pitch angles. The fracture modes
in 3D-printed DFB composites, exoskeleton of beetles, and the twisted cellulose composites (44, 49, 50) are crack-twisting and -bridging mode. (B) A representative
plot for the dimensionless effective fracture energy as a function of the pitch angles and fiber length in the DFB architecture with @Z =2.5.
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The details of theoretical derivations can be seen in S/ Appendix, Supple-
mentary Discussions 2-4 and Fig. S3.
The configurations of Bouligand layups are described by a power function:

=

n
0 X"+p 05<n<2, 1l
T

where the crack orientation f is the angle between the axis of initial fiber
layer at notch tip and direction of the notch front (y axis). n = 1 represents
linear distribution of twist angle along the crack propagation direction (x
axis), i.e., the pitch angle in a pitch is constant, 0.5<n<1 represents non-
linear convex function distribution of twist angle and 1<n<2 represents
nonlinear concave function distribution of twist angle (S/ Appendix, Fig.
S5A).

The twisted crack shape can be described by the following:

Z=Ytan(p(X)), 0<X<zfro, -1/2<Y<I/2, [2]

whereX = X/dis dimensionless coordinates along the crack propagation di-
rection, Y =Y/d, Z=2/d; 1= I/d is the dimensionless length of discontin-
uous fibers, and d is the fiber diameter.

The local energy release rate G: of crack twisting can be calculated as
follows (27, 52):

Gt =%[k;2(1 —vA)+ k(1= v?) + k(1 +v)], E]

where kj, k3, and kj are the local stress intensity factors described by the
twisted angle ¢ and tilted angle @, E is Young’'s modulus, and v =10.3 is
Poisson’s ratio. And the normalized local energy release rate for crack
twisting is defined as G; = G¢/Go, where G = (1 — vz)(K,D)Z/E is the global
energy release rate and K? is the global applied intensity factor of mode
| fracture.

Based on the crack-bridging model (34), the normalized local energy re-

lease rate G, = G,/Gp and the normalized fracture energy GZ = G /Tint for
crack bridging are given by the following:

Gp =1/ +n Gy = (1407, 4]

where 7 is the toughening ratio induced by crack bridging, and T, is the
intrinsic fracture energy for steady-state crack propagation, which is a ma-
terial constant reflecting the energy dissipation by the breakage of matrix
materials.

Based on the maximum energy release rate fracture criterion, the nor-
malized energy release rate G = G/Gy for the DFB structure can be calculated
as follows:

G = max(G, Gp). [51

The released strain energy U in crack-twisting zone (U;) and crack-
bridging zone (Up) can be calculated by the integration of the local en-
ergy release rate and crack area:

U = /§tatd§t, Up = /gﬁdeb, [6]

where S; = S¢/d? is the dimensionless area of crack-twisting zone, and Sy is
the area of crack-bridging zone.
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where @ is the angle between the normal to the twisted crack surface and
normal to the undeflected crack plane.

Microstructure Design and 3D Printing-Based Fabrication. The three-point
bending specimens with different architectures were 3D printed from
designed CAD models by using an Objet260 Connex 3D printer (Stratasys
Ltd.). The printer is capable to print multiple materials simultaneously and
has a print precision of 16 pm in the layer deposition direction and 600 dpi in
the print plane. As shown in Fig. 1C, the dimensions of the 3D-printed single-
edge notched bend samples consisted of 25 layers are H = 22.5 mm, L = 5H,
W=H,t=09mm, h=H/5 d=0.8mm, and S =80 mm, where H, L, W, t, h,
d, and S denote height, length, width, interlayer space, notch length, the
fiber diameter, and span length, respectively. The span length to height
ratio is about 4, which ensures small end effect in the middle, and the
printed crack front is further sharpened with a fresh razor blade. For the
structures with different initial crack orientationsp, the orientation of the
initial fiber layer is ¢ = p (Fig. 1D). The unidirectional architectures are
composed of discontinuous fibers with a consistent orientation the same as
the orientation of the initial fiber layer at the notch front. In the orthogonal
discontinuous fibrous composites, the orientation of initial fibers layer at the
notch tip is ¢ = B, and the subsequent orthogonally aligned fibers layers are
stacked to form the structure. The DFB composites with different pitch an-
gles are arranged with twisted plywood stacking of discontinuous fibers
layers. The theoretical volume fraction of the fibers with these parameters
corresponds to around 70%. The discontinuous fibers are made of a rigid
polymer (VeroWhitePlus; Young’s modulus is 0.8 + 0.2 GPa), and the matrix
is made of a soft rubber-like polymer (TangoblackPlus; Young’'s modulus is
0.2 + 0.05 MPa). The details of base materials parameters are reported in S/
Appendix, Supplementary Discussion 1 and Fig. S1.

Mechanical Testing. The three-point bending tests were carried out on a
Material Test System (MTS criterion 43, MTS System Company) with constant
displacement mode using 5-kN load cells. All tests were performed with a
support span of 80 mm at a loading rate of 0.5 mm/min. The failure mor-
phologies of samples were recorded by a camera. The area of crack twist
zones and crack bridge zones was measured by ruler based on the post-
failure surface of experiment samples. The detailed characterizations of the
postfailure patterns in 3D-printed samples can be seen in S/ Appendix,
Supplementary Discussion 6 and Fig. S7.

Data Availability. All data are included in the manuscript and S/ Appendix.
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