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Abstract: Soft materials capable of large inelastic deformation play an essential role in high-
performance nacre-inspired architectured materials with a combination of stiffness, strength and
toughness. The rigid “building blocks” made from glass or ceramic in these architectured materials
lack inelastic deformation capabilities and thus rely on the soft interface material that bonds
together these building blocks to achieve large deformation and high toughness. Here, we
demonstrate the concept of achieving large inelastic deformation and high energy dissipation in
soft materials by embedding microstructured thermoplastic fibers with sacrificial bonds and hidden
lengths in a widely used elastomer. The microstructured fibers are fabricated by harnessing the
fluid-mechanical instability of a molten polycarbonate (PC) thread on a commercial 3D printer.
Polydimethylsiloxane (PDMS) resin is infiltrated around the fibers, creating a soft composite after
curing. The failure mechanism and damage tolerance of the composite are analyzed through
fracture tests. The high energy dissipation is found to be related to the multiple fracture events of
both the sacrificial bonds and elastomer matrix. Combining the microstructured fibers and straight
fibers in the elastomer composite results in a ~ 17 times increase in stiffness and a ~ 7 times

increase in total energy to failure compared to the neat elastomer. Our findings in applying the



sacrificial bonds and hidden lengths toughening mechanism in soft materials at the microscopic
scale will facilitate the development of novel bioinspired laminated composite materials with high

mechanical performance.

Keywords: 3D printing, instability, stretchable materials, energy dissipation, damage tolerance

1. Introduction

Nature often assembles materials with intricate architectures, achieving functional properties that
are superior than the intrinsic properties of their constituents [1—4]. For example, nacre from
mollusk shells, a composite of 95 vol% minerals and 5 vol% organic materials, is 3000 times more
fracture resistant than the mineral component.[5] The “brick-and-mortar” architecture with
microscale tablets of calcium carbonate bonded by nanoscale interlayer of chitin and protein in
nacre leads to an attractive combination of stiffness, strength and toughness, which has inspired
the development of advanced composite materials [6—10]. Soft organic materials, despite their
small amounts in nacre, play a critical role in spreading nonlinear deformations over large volumes
and achieving high toughness at the macroscopic scale [11]. Saw-tooth patterns were observed on
the force-extension curves of the soft organic materials in nacre [12], attributing to the breaking of
sacrificial bonds and unfolding of hidden lengths at the molecular scale [13]. The sacrificial bonds
and hidden lengths toughening mechanism is also found in bone [14], spider silk [15] and mussel
byssus threads [16]. Recent studies [6—10] on bioinspired composites often focus on duplicating
the architecture in nacre at the microscopic scale to achieve crack deflection and bridging or
interfacial sliding toughening mechanisms, while few [17,18] focuses on the development of soft
interface materials that mimic the large inelastic deformation and high energy dissipation of natural
organic materials. The challenge lies in reproducing the sacrificial bonds and hidden lengths

toughening mechanism in engineering materials.
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Synthetic elastomers have a similar large deformation behavior to the soft organic materials in
nacre. Previous studies [6—10] using elastomers as the soft interface in nacre-inspired architectured
composites successfully improved the crack growth resistance, damage tolerance and impact
resistance. Cavities and ligaments are formed at the elastomer interface under large deformation
[6], which is consistent with the behavior of nacre. However, the deformation of elastomers is
mostly elastic and thus recoverable, while the soft organic interface in natural materials shows
large inelastic deformations and high energy dissipation. Strategies like introducing sacrificial
bonds and folded domains into elastomers at the molecular scale [19,20] are effective to achieve
large inelastic deformations and improve the energy dissipation in synthetic elastomers.
Researchers also explored the possibility of reinforcing elastomers with rigid mesh at the
microscopic or macroscopic scale to achieve the large inelastic deformation and high energy
dissipation [21-23]. A saw-tooth tensile behavior was accomplished through the multiple fracture
of the rigid mesh inside the elastomer matrix. Feng et al. [21] incorporated a polyamide fabric
mesh in between acrylic tapes with viscoelastic properties. The interlayer sliding induces shear
stresses between the mesh and tape, which fracture the mesh into multiple islands until a critical
length scale is reached. Their resulting composite shows a ~ 5 times increase in stiffness and a ~
2 times increase in total energy to failure compared to the acrylic tape. King et al. [23] embedded
a 3D-printed plastic mesh inside an elastomer matrix. The multiple fracture of the plastic mesh
triggered by a topological interlocking mechanism leads to a ~ 60 times increase in stiffness and
~ 0.5 time increase in total energy to failure compared to the neat elastomer. Both examples
adopted the double network strategy [24,25] which uses rigid mesh as the first network to ensure
high stiffness and energy dissipation, and soft matrix as the second network to maintain the

structural integrity. Since the soft matrix is still intact after the rigid mesh fractures, the



deformation of the composite is recoverable. The energy dissipation can be further increased by
introducing molecular-level sacrificial bonds into the matrix [22]. Recently, we demonstrated large
inelastic deformation and high energy dissipation in elastomer composites under low-velocity
impact [26] by combining the widely used elastomer PDMS and the microstructured thermoplastic

fibers with sacrificial bonds and hidden lengths [27,28].
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Figure 1. Overview of toughening elastomers via microstructured thermoplastic fibers with
sacrificial bonds and hidden lengths. (a) Schematic illustration of the IFFF process. The extruding
speed ve is 2.06 times faster than the extruder moving speed vm, producing the alternating pattern.
(b) Force-effective strain curve of the as-fabricated microstructured fibers with six alternating
loops. The breaking of sacrificial bonds and the unfolding of hidden lengths from one of the six
loops are illustrated as an example. The fiber contours with fake color are traced from camera
snapshots during the tensile test of the microstructured fiber. (¢) Schematic illustration of multiple
breaking of sacrificial bonds and multiple cracking of the matrix in an elastomer composite with a

precrack under tension.



The microstructured fibers with sacrificial bonds and hidden lengths are made by instability-
assisted fused filament fabrication (IFFF) as shown in Fig. 1a. A molten polymer thread falls from
a certain height onto a platform with a relative movement in the horizontal direction. Depending
on the ratio of the extruding speed ve to the printing head moving speed vm, a series of nonlinear
patterns can be produced due to the fluid-mechanical instability [29]. In the alternating pattern that
we chose for this study, the self-intersections of the molten polymer thread form weakly fused
bonds after cooling, which act as sacrificial bonds under mechanical loading. Fig. 1b shows a
representative force-effective strain curve of an alternating PC fiber (dia. = 0.44 mm) with six
loops under tensile loading. Each force peak corresponds to the breaking of a sacrificial bond.
After the bond breaking, the hidden length, i.e., the fiber loop, is released and unfolded. The
unfolding of hidden lengths leads to large-scale plastic deformation along the fiber [30].
Embedding the microstructured fibers in PDMS produces a transparent elastomer composite with
graceful failure and superior damage tolerance [26]. Although large inelastic deformation and high
energy dissipation were demonstrated in the elastomer composite under impact loading [26], the
composite’s fracture mechanism and damage tolerance under static loading remain to be
investigated. In this work, we perform uniaxial tensile tests of the alternating fiber composite
specimens in the pure shear geometry [31] with and without a precrack to understand the
interactions between crack propagation, bond breaking and fiber unfolding. Two levels of multiple
fracture events are observed during tensile tests: the multiple breaking of sacrificial bonds along
the fiber and the multiple cracking of the PDMS matrix. The breaking of sacrificial bonds,
unfolding of fiber loops and the formation of voids in PDMS dissipate the mechanical energy
which would otherwise drive the propagation of a precrack (Fig. 1¢). The voids and exposed fibers

are analogous to the micro cavities and ligaments at the soft organic interface of nacre. We also



compare the total energy to failure and damage tolerance between the plain elastomer and its
composites with different fiber reinforcements under uniaxial tensile loading. In the end, static
puncture tests are carried out to evaluate the energy absorption and damage tolerance of the

composite under transverse loading.
2. Materials and methods
2.1 Microstructured Fiber Printing

We adopted the instability-assisted fused filament fabrication technique [28] to make
microstructured fibers with sacrificial bonds and alternating loops. A PC filament (Top3d Filament,
Dongguan, China) with a diameter Dfilament = 1.75 mm was dried overnight in a vacuum oven at
65 “C before printing on a Prusa i3 printer with a nozzle diameter dnozze = 0.4 mm at 330 'C. We
used the Simplify3D software to send the custom-written g-code to the printer. In the g-code, we
chose a deposition height of 5 mm for the whole printing process to keep the deposition within the
viscous steady coiling regime [32]. In order to produce the alternating pattern, the speed ratio ve/vm
should be in the range of 1.57 to 2.23 according to the geometric model developed by Brun et al.
[33]. The horizontal moving speed v is directly determined by the printing head moving feedrate
Vr from the g-code. Based on the continuity equation for incompressible fluids, the extruding speed

ve 1s determined by the following equation:
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where, the extruding length Lg of the 1.75 mm filament, the moving distance Lp of the printing

head, and the printing head moving feedrate Vr are independent parameters in the g-code. We first



fixed Vr at 1929.3 mm/min. Then we measured the volume flow rate correction factor C; (0.82)
and the fiber expansion factor C> (1.09) experimentally [26]. The speed ratio ve/vim is proportional

to the ratio of two independent g-code parameters Lg/Lp:
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We chose a speed ratio ve/vin = 2.06 to produce the alternating pattern in this work. Therefore, for
a target printing distance Lp, the extruding length Lg can be calculated by equation (3). The
horizontal printing direction was kept the same for all fibers. The fiber separation was defined in
the g-code. After the printing of all fibers, a rectangular frame was printed on top of the fibers for
the easy handling of the fibers without altering the distance between each fiber. The straight fibers
were printed using the same g-code for alternating fibers in which the deposition height was

changed to 0.4 mm. Therefore, the straight fiber has the same weight as the alternating fiber.
2.2 PDMS-Microstructured Fiber Composite Fabrication

Polydimethylsiloxane (Sylgard 184, Dow) was used to make all test specimens. The prepolymer
base and the curing agent were thoroughly mixed at a ratio of 10:1, and then degassed in a vacuum
oven at room temperature for one hour. Two acrylic plates were laser-cut and assembled into a
rectangular mold with a chamber size of 100 x 80 % 1.5 mm (length x width x depth). Before
placing the as-printed fibers into the mold, two sides of the rectangular frame which are parallel to
the fibers were cut, and the other two sides were cast in PDMS together with the fibers. Hence, the
fibers stay aligned during the molding process. Any bubbles generated during casting would
disappear after a short period in ambient environment. Then we put the mold into an oven and
cured the mixture at 65 “C for 4 h. The as-fabricated specimen had a thickness of 1.5 mm. We used

the same process to make the plain PDMS specimen and PDMS-unidirectional fiber composite



specimens. We first prepared the PDMS-alternating fiber composite specimen with 23 evenly
distributed fibers and a fiber separation of 4.35 mm for the failure mechanism and crack growth
resistance analysis of the composite. In order to compare the tensile behavior of different
composite specimens, we then prepared the PDMS-alternating fiber and PDMS-straight fiber
composite specimens with 12 evenly distributed fibers and a fiber separation of 8.7 mm, and the
PDMS-hybrid fiber composite specimen with 12 alternating fibers, 11 straight fibers and a fiber
separation of 4.35 mm. For the PDMS-hybrid fiber composite specimen, the alternating fibers were
manually aligned to be in the middle of the straight fibers in the mold before pouring the PDMS
resin. The PDMS-bidirectional fiber composite specimens for the static puncture test all have a
size of 100 x 100 x 1.5 mm (length x width x thickness) and were fabricated using the procedure

described in reference [26].

2.3 Mechanical Testing

We conducted all the mechanical tests on an MTS Insight electromechanical machine with a 100N
or 1000N load cell depending on the test load range. Tensile test of the alternating fiber with six
loops was carried out with a gauge length of 32 mm and crosshead speed of 500 mm/min. The
pure shear specimens have a length of 100 mm and a thickness of 1.5 mm. The grips opening is
20 mm. The crosshead speed is 10 mm/min for all pure shear specimens. We glued the pure shear
specimens to laser-cut PC grips with 3M silicone sealant 8661. Mounted screws were also used to
tighten the grips in order to make sure that there is no slippage of the specimen. We used scissors
to create the precrack with a length of 30 mm on the test specimen. Any fibers along the precrack
were also cut. The crack extension of the notched plain PDMS specimen was measured by a
custom-written MATLAB code which can detect the crack tip movement based on digital image

analysis. The crack extension of the notched PDMS-alternating fiber composite specimen was



manually measured in Image J. For a purely elastic material, the energy release rate G can be

calculated by the following equation [31]:

G =W(AH, 4)

where H is the height of the undeformed specimen, A = 1 + € = 1 4+ d/H is the stretch ratio, d is
the crosshead displacement, € is the effective strain, W (A) is the strain energy density of the
material ahead of the crack tip measured by integrating the area under the stress-strain curve of an
unnotched sample with identical dimensions [34,35]. The energy release rate of hyperelastic
materials like PDMS can be directly calculated by equation (4) [36]. A critical energy release rate
G. was calculated at the onset of crack growth with a critical stretch ratio A.. The G. was taken as
the fracture toughness according to previous studies [25,37,38]. Since equation (4) has also been
used to analyze materials with large scale inelasticity [35], we used equation (4) to calculate the
effective energy release rate and effective fracture toughness of our dissipative PDMS-alternating
fiber composite, in order to compare with the neat elastomer. The static puncture test was carried
out with a hemispherical indenter head (diameter: 25.4 mm). The specimen was clamped by two
acrylic plates (thickness: 12.7 mm) with a circular opening (diameter: 76.2 mm). Mounted screws
were used to tighten the plates and avoid the slippage of the specimen inside the clamps. The
indenter speed was 10 mm/min for all static puncture test specimens. The total energy to failure of
both pure shear test specimens and static puncture test specimens were calculated by integrating

the area under the force-displacement curves.

3. Results and Discussion
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Figure 2. Fracture of the unnotched PDMS-alternating fiber composite specimen under uniaxial
tension. (a) Camera snapshots of the fracture of the specimen at different effective strains: 1. ¢ = 0;
il. €= 0.24; 111. £ = 0.41; iv. ¢ = 1.32; v. £ = 3.04. Scale bar is 10 mm in the camera snapshot and 3

mm in the inset. (b) Force-effective strain curve of the PDMS-alternating fiber composite.

We first tested a PDMS-alternating fiber composite specimen without a precrack (Fig. 2). Three
regimes were observed from the test: I. homogeneous stretching of the fiber and PDMS; II.
breaking of sacrificial bonds inside PDMS, void formation in PDMS, unfolding of the released
loop and segmentation of PDMS; III. Onset of fiber breakage and final failure of the specimen.
Due to the similar refractive indexes of the PC fiber and PDMS [26], the fiber is almost invisible
inside PDMS when the specimen is at rest (see Fig. 2a 1). Once the specimen is stretched, the
nonuniform deformations induce the detaching of the fiber and matrix, making the fiber contour
more apparent. Fig. 2b shows that the force linearly increases with respect to the effective strain
in regime I. In regime II, the force-effective strain curve first reaches a plateau (see Fig. 2b ii, € =
0.24 mm/mm) due to the breaking of sacrificial bonds inside the matrix. Since the adhesion
between the PC fiber and PDMS is weak, the loop unfolds inside the matrix as the stretching
continues, resulting in fiber-matrix sliding. The unfolding of the loop enlarges the void inside the
matrix (see Fig. 2a i1). The void acts like an embedded crack and propagates transversely through
the thickness of the specimen. Once the embedded crack becomes a through crack, the fiber is
fully exposed, and the loop is free to unfold (see Fig. 2a iii). Then the crack propagates
longitudinally in PDMS and exposes more loops. The multiple breaking of sacrificial bonds inside
the matrix initiates more voids that evolve into running cracks. The interlocking between the fiber
loop and the matrix triggers the multiple fracture of PDMS (see Fig. 2a iv). Similar fracture

behavior was observed by Chang et al. [39] in PDMS-polyamide fabric composite. The detaching
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of fiber and PDMS makes the voids into running cracks under large deformation. In Chang et al.’s
work, after matrix cracking, the polyamide fabric goes through a bending to stretching transition
as the stretching continues [39]. In our case, the loop first unfolds after matrix cracking with a
coupled deformation of bending, torsion and axial tension [40]. As the stretching continues, the
straightened fiber yields under tension. The strain hardening of the fibers results in the force
increase in regime II. In regime III, the fibers break one by one (see Fig. 2a v), leading to the

gradual failure of the specimen.
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Figure 3. Comparison of the fracture behavior of the notched plain PDMS specimen and the
notched PDMS-alternating fiber composite specimen under tensile loading. (a) Camera snapshots
of the notched plain PDMS specimen at different effective strains: i. ¢ = 0.19; ii. ¢ = 0.23; iii. ¢ =

0.25. (b) Camera snapshots of the notched PDMS-alternating fiber composite specimen at different
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effective strains: iv. e =0.17; v. ¢ = 0.38; vi. e = 1.38. All scale bars are 10 mm. (c) Force-effective
strain curves of the notched plain PDMS (in black) and PDMS-alternating fiber composite (in red)
specimens. (d) Crack growth resistance curves of the notched plain PDMS (in black) and PDMS-
alternating fiber composite (in red) specimens. The error bar represents the standard deviation of
the effective energy release rate with the strain energy density measured from three unnotched
specimens with identical dimensions as the notched specimen. In the notched plain PDMS
specimen, when the crack extension exceeds 50 mm, the crack propagation accelerates rapidly,
making it difficult to measure the crack extension from the camera snapshots. Since the effective
energy release rate stays almost at the same level, we extrapolated the dashed line after the crack
extension exceeds 50 mm. The inset shows the critical effective energy release rate of the plain
PDMS (196 + 74 J/m?) and PDMS-alternating fiber composite (340 + 49 J/m?) at the onset of crack

growth.

The low fracture resistance of PDMS has been previously reported [38,39]. Fig. 3a shows the
fracture of a notched PDMS specimen in the pure shear geometry. The crack starts to propagate at
€ =0.18 and runs through the whole specimen very quickly. The mechanical behavior of a notched
PDMS-alternating fiber composite specimen also includes three regimes (Fig. 3b and c). The fiber
and PDMS are co-stretched in regime 1. The breaking of sacrificial bonds and the fiber-matrix
sliding produce voids in regime II. With the voids developing into running cracks, the fiber is
exposed and straightened, and the specimen is segmented into several isolated PDMS islands.
Finally, the specimen fails after the breaking of fibers in regime III. The precrack of the PDMS-
alternating fiber composite specimen starts to propagate at € = 0.12 in regime II. In the notched

PDMS specimen, the energy dissipation happens only at the crack tip, via breaking of molecule
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chains. While in the notched PDMS-alternating fiber composite specimen, more energy dissipation

mechanisms are introduced both behind and ahead of the crack tip and are discussed below.

In Fig. 3d, the energy release rate Gppms calculated for the notched plain PDMS specimen
represents the driving force for crack growth per unit area d4. The Gppwms at the onset of crack
propagation (196 + 74 J/m?, Fig. 3d inset) is equal to the intrinsic fracture toughness /ppwms of the
material, assuming that PDMS is purely elastic and incompressible. In the notched PDMS-
alternating fiber composite specimen, the as-calculated effective energy release rate Geomp = Gip +
Gais, where, Gyp is associated with the actual amount of energy released to drive the crack to
propagate per unit area dA4, Gqis is associated with the amount of energy that is first stored in the
fiber and PDMS and then mostly dissipated by the breaking of sacrificial bonds, unfolding of
hidden loops, growing of voids and fiber-matrix sliding during crack propagation per unit area dA4.
With the assumption that the fracture process is rate independent, Gyp is equal to the intrinsic
fracture toughness /' ppms and remains constant during crack propagation. Therefore, Gais during

crack propagation can be calculated as Geomp — I PDMS.

The effective energy release rate Geomp at the onset of crack growth is 340 + 49 J/m? in the PDMS-
alternating fiber composite (Fig. 3d inset), which is higher than /'ppms, but much lower than the
critical energy release rate of tough elastomers (1000 — 10000 J/m?) with molecular sacrificial
bonds [38]. The relatively low Geomp 1s due to the larger scale and smaller volume fraction of the
sacrificial bonds and hidden lengths in our composite compared to the molecular sacrificial bonds
in tough elastomers. The microstructured sacrificial bonds and hidden lengths in our composite
contribute to high energy dissipation only at larger deformations. In the notched PDMS-alternating
fiber composite specimen, the breaking of sacrificial bonds starts at € = ~0.12, which is almost at

the same time as the onset of crack propagation, meaning that the Gais at the onset of crack
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propagation is mostly associated with the tensioning of the fiber, the fiber-matrix detaching and
the breaking of a few sacrificial bonds. The resulting Gdis = Geomp — I Ppms = 144 J/m?, which is
even less than /ppms. It should be noted that the tensioning of the fiber at early stretching stage
contributes to Gais by storing elastic strain energy in the fiber, which is similar to the elastic
dissipators in the literature [38,41], but these elastic strain energy will finally be dissipated by the
breaking of sacrificial bonds and the unfolding of fiber loops during later stretching. At € =0.17,
the precrack extends 3 mm (Fig. 3b iv), more sacrificial bonds are broken compared to the onset
of crack propagation, but the fiber loops remain folded inside PDMS. The resulting Gais = Geomp —
T'epms = ~500 J/m?. At & = 0.38, the precrack extends 40 mm (Fig. 3b v), the fiber loops unfold
behind the crack tip and voids form due to the fiber-matrix sliding ahead of the crack tip. The
resulting Gais = Geomp — IppMs = ~2900 J/m?. Hence, the unfolding of fiber loops and voids
formation happen at large effective strains and contribute to higher energy dissipation compared
to the breaking of sacrificial bonds and fiber-matrix detaching at small effective strains. Even
though several mechanisms are coupled during crack propagation, our observation is still
consistent with previous finding [13] from entropic elasticity-based molecular simulations that the
energy to unfold the hidden length is much higher than the energy to break a sacrificial bond. It
should be noted that while dissipating energy, the formation of voids results in flaws with a length
up to 2 mm which are larger than the fractocohesive length of PDMS at the order of magnitude of
10" mm [38,42]. On one hand, the voids increase the flaw-sensitivity of PDMS, which could be
another reason for the low critical Geomp in our composite. On the other hand, the development
from voids into running cracks facilitates the exposing and unfolding of the fiber loops, leading to

extra energy dissipation after the matrix cracking.
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In tough elastomers with molecular sacrificial bonds, both experimental [19] and analytical [35,43]
results show that sacrificial bonds break at the crack tip, leading to an energy dissipation zone with
a strip shape surrounding the crack surface. The loading and unloading of the material in this zone
increase the energy dissipation during crack propagation. In our notched PDMS-alternating fiber
composite, the sacrificial bonds break and voids form in a wide region between the clamps ahead
of the crack tip, which is equivalent to intrinsic toughening [44]. Once the crack propagates, the
fiber behind the crack tip is unloaded due to the exposing of the fiber loop. As the fiber loop
continues to unfold, the large-scale plastic deformation [30] along the fiber increases the energy
dissipation behind the crack tip, which is equivalent to extrinsic toughening [44]. Even though the
energy dissipation zone seems larger in our composite compared to the strip shape zone in tough
elastomers with molecular sacrificial bonds, the volume fraction of sacrificial bonds in our
composite is believed to be much lower than that in tough elastomers. The effective fracture
toughness of the composite, i.e., the Geomp at the onset of crack propagation, is not expected to
significantly increase with the composite size, since the Ggis at the onset of crack propagation is
mostly associated with the tensioning of the fiber, the fiber-matrix detaching and the breaking of
a few sacrificial bonds. However, the total energy to failure of the notched composite is expected
to increase with the composite size. Because after the precrack cuts through the composite
specimen longitudinally at € = 0.48, the fiber continues to carry the load via plastic deformation.
Further stretching develops more voids into running cracks (Fig. 3b vi), dissipating more energy
till the final failure of the specimen. A larger composite size would lead to more energy dissipation
before final failure. In order to take into consideration the amount of energy dissipation after the

precrack cuts through the composite specimen in our analysis, we calculated the total energy to
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To compare the difference in mechanical performance between the microstructured fiber and the
straight fiber in the composite, we prepared four specimens in the pure shear geometry as shown
in Fig. 4a: plain PDMS, PDMS-straight fiber composite, PDMS-alternating fiber composite, and
PDMS-hybrid fiber composite which contains both straight fiber and alternating fiber. Fig. 4b
shows that the unnotched plain PDMS specimen exhibits a stiffness around 118 N/mm/mm and
fractures at ¢ = 1.45. The unnotched alternating fiber composite specimen shows the
aforementioned three regimes with a stiffness around 272 N/mm/mm and final failure at € = 6.61.
The unnotched straight fiber composite specimen shows a linear regime until € = 0.20 on the force-
effective strain curve and a high stiffness around 1718 N/mm/mm. At € = 0.80, a crack initiates at
the straight fiber-matrix interface and ruptures through the whole matrix, leading to the force drop
on the force-effective strain curve. Then the straight fibers continue to carry the load. The strain
hardening of the straight fibers leads to an increase on the force-effective strain curve. At e =2.27,
the fibers start to break one by one, resulting in the final failure of the specimen at ¢ = 2.86.
Compared to the as-printed straight fiber, the average fiber width of the broken straight fibers
reduced by 28.3%, indicating the fibers’ plastic deformation. Whereas the strain at failure of the
unnotched alternating fiber composite specimen is ~131% higher than that of the unnotched
straight fiber composite specimen, the total energy to failure of the former is ~11% lower than that
of the latter. We believe that when the material has an exceptional strain hardening behavior like
polycarbonate, the advantage of toughness enhancement by the microstructured fibers with
sacrificial bonds and hidden lengths compared to the straight fiber would be diminished, since the
bond-breaking defects and bending-torsion-tension coupled loop deformation hinder the material
from reaching the same amount of ultimate strain and strength as the straight fiber, resulting in the

relatively lower energy absorption in microstructured fibers.
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Combining both the alternating fibers and straight fibers in the hybrid fiber composite results in a
force-effective strain curve which is almost the sum of that of the alternating fiber and the straight
fiber composites, with a strain at failure (¢ = 6.98) similar to the alternating fiber composite and a
stiffness (2052 N/mm/mm) similar to the straight fiber composite. The notched plain PDMS
specimen shows a large decrease in strength and strain at failure, while the notched composite
specimens keep similar stiffness and strain at failure to their unnotched counterparts, with only a
decrease in strength due to the cut of fibers along the precrack. The total energy to failure of the
notched plain PDMS specimen is only 2.2% of that of the unnotched specimen, while the notched
composite specimens keeps 50% — 70% of the total energy to failure of their unnotched
counterparts. The high damage tolerance of the composites is mainly attributed to the plastic

deformation of the alternating and/or straight fibers after matrix cracking.
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Figure 5. Static puncture test of the plain PDMS specimen and PDMS-bidirectional fiber
composite specimens. (a) Optical images of test specimens: plain PDMS (@), PDMS-straight fiber
composite (m), PDMS-alternating fiber composite (¢), PDMS-hybrid fiber composite (*). Scale
bars are 2 mm. (b) Camera snapshots of the static puncture test of PDMS-hybrid fiber composite
with a rough indenter head in front and bottom views. Scale bars are 10 mm. Force-displacement
curves of test specimens with (¢) a smooth indenter head, and (d) a rough indenter head attached
with a P60 grade sandpaper. (e) Total energy to failure of test specimens. Solid blocks represent
tests with the smooth indenter head, while hollow blocks represent tests with the rough indenter

head.

We further evaluated the composite’s energy absorption performance under transverse loading.
Fig. 5a shows the four types of specimens: plain PDMS, PDMS-straight fiber composite, PDMS-
alternating fiber composite, and PDMS-hybrid fiber composite. We first carried out the static
puncture test with a smooth indenter head. The plain PDMS specimen endures a high transverse
force up to 448 N. The strength of the plain PDMS here is higher than all other composite
specimens, which is different from the comparison in the tensile test results in Fig. 4b, because the
composites carry the transverse load with only a few fibers that are under the loading path of the
puncture head, while all the fibers are loaded during the tensile tests in Fig. 4b. Under the
transverse load, the plain PDMS specimen fails when a crack initiates at the edge of the indenter
head and propagates rapidly and circularly around the indenter head. The failure of the plain PDMS
specimen produces a popping sound with the remaining pieces bouncing up and down rapidly,
indicating that a large amount of the energy absorption releases and transforms into sound and

kinetic energy after unloading. The material failure is more graceful in the alternating and hybrid
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fiber composite specimen (Fig 5b), with mechanical energies dissipated away instead of stored

inside the material.

The alternating fiber composite specimen fails with a circular crack propagation similar to that of
the plain PDMS specimen, but in a much slower pace. After the circular crack propagates fully
around the indenter head, the alternating fibers continue to unfold and the interlocking between
the alternating fiber and matrix leads to the multiple cracking of PDMS. In some cases, the
alternating fiber cuts out from the matrix transversely, which are not observed in the tensile tests.
The fiber cut-outs mostly happen at the bottom layer of the bidirectional fabric, where the
alternating fibers are easier to cut through the matrix than the top layer fibers. Due to the limitation
in clamping force with screws and the short clamping length (~ 12 mm) of the fiber in this study,
after the cut-outs, the fibers often slide out of the matrix instead of breaking. Since the sliding of
the fibers always happens before the final breaking of those fibers without cutting out from the
matrix, we believe the sliding only affects the load-bearing capability, not the extensibility. In our
tests, the breaking of those fibers without cutting out from the matrix results in the final failure of

the alternating fiber composite.

After matrix cracking, the straight fiber composite specimen does not show large yielding of the
fibers similarly to the results shown in Fig. 4. Conversely, the matrix cracks after the breaking of
the straight fibers at the grid intersection point. The printing of the straight fiber fabric weakens
the fibers at the intersections, hindering the strain hardening potential of the fibers. Fig. 5c shows
that the loading capacities of the three composite specimens are 13% — 33% of that of the plain
PDMS specimen, under current fiber volume fraction. The hybrid fiber composite specimen
achieves almost the same total energy to failure as the plain PDMS specimen (Fig. 5e). Considering

that only three alternating fibers and three straight fibers in each direction contribute to the
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penetration resistance under the current indenter size, the loading capacity and energy absorption

can be further improved with a higher fiber volume fraction.

To evaluate the specimen’s damage tolerance under transverse loading, we attached a P60 grade
sandpaper to the hemispherical indenter which introduces surface cracks to the specimen during
loading. The maximum depth of the surface crack is 0.3 — 0.4 mm (Fig. S1), which is comparable
to the fractocohesive length of PDMS at the order of magnitude of 10" mm [38,42]. Compared to
the test results with a smooth indenter head, the loading capacity and energy absorption of the
plain PDMS specimen with a rough indenter head reduce by 80% and 89%, respectively (Fig. 5d-
e). In contrast, the loading capacities and energy absorptions of the composite specimens with a
rough indenter head are almost the same as these with a smooth indenter head. Compared to the
alternating fiber composite, the alternating fiber fabric itself has very low load-bearing capability
under puncture due to the weak adhesion between the two layers of the fabric which causes the
slipping of the fiber around the indenter head. The high damage tolerance of the composites under
transverse loading comes from the combination of the fiber fabric and the elastomer matrix, and
various resulting energy dissipation mechanisms, including the plastic deformation of the fibers

and the multiple fracture of the matrix, as well as the fiber-matrix sliding and fiber cut-outs.
4. Conclusions

We demonstrated large inelastic deformation and high energy dissipation under tensile and
transverse loads in a commercially available elastomer reinforced by microstructured fibers with
sacrificial bonds and hidden lengths. The deformation and failure of the composite material are
dominated by the multiple breaking of sacrificial bonds at the microscale and the multiple fracture
of the elastomer matrix at the macroscale. During these multiple fracture events, the composite

material dissipates energy by the breaking of sacrificial bonds, yielding and fracture of the
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unfolding fiber, voids formation and crack growth in the matrix, as well as fiber-matrix sliding.
We show that the mechanical properties of the composite material can be tuned by controlling the
pattern and arrangement of the reinforcing fibers. The mechanical performance of the composite
may also depend on the fiber-matrix adhesion and matrix properties which will deserve further
investigations. Instability-assisted 3D printing [27,28,45,46], electrospinning [47—49] and melt
electrowriting [50,51] provide the opportunity for the miniaturization of the microstructured fiber
to accommodate different indenter sizes in real-world applications. The transparency of the
composite materials can be improved by matching the refractive indexes of the fiber and the
elastomer matrix for applications that require high optical transparency [26]. The concept that we
demonstrated here could be applied to any soft materials including elastomers and hydrogels in
order to achieve large inelastic deformation and high energy dissipation. Combining our composite
with other successful implementations of nature’s toughening mechanisms in the literature [8—10]
is a promising way to make advanced laminate composites with high energy dissipations at

multiple length scales.
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Flaw size introduced by the P60 sandpaper indenter
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Figure S1. Optical images of the plain PDMS specimen after the static puncture test with the rough
indenter covered with P60 sandpaper. (a) The middle piece which fell out of the test specimen
after test. An area on the piece is shown at higher magnification in an optical microscopy image.
The slender surface cracks were introduced by the P60 sandpaper attached on the indenter. The
length and width of the cracks were measured as 1.16 = 0.44 mm and 0.098 + 0.046 mm,
respectively. (b) The specimen left with a hole after test. The crack is believed to initiate within
the dashed red rectangle, since the opposite side of the circle shows a small crack path mismatch,
which could be caused by the encounter of two running cracks. The crack initiation region was
characterized in a tilted view under optical microscope. The maximum depth of the surface crack

1s between 0.3 mm and 0.4 mm.
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