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Electrically assisted 3D printing of nacre-inspired
structures with self-sensing capability

Yang Yang', Xiangjia Li', Ming Chu?, Haofan Sun?, Jie Jin', Kunhao Yu?, Qiming Wang?,

Qifa Zhou*, Yong Chen**

Lightweight and strong structural materials attract much attention due to their strategic applications in sports,
transportation, aerospace, and biomedical industries. Nacre exhibits high strength and toughness from the brick-
and-mortar-like structure. Here, we present a route to build nacre-inspired hierarchical structures with complex
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three-dimensional (3D) shapes by electrically assisted 3D printing. Graphene nanoplatelets (GNs) are aligned by
the electric field (433 V/cm) during 3D printing and act as bricks with the polymer matrix in between as mortar. The
3D-printed nacre with aligned GNs (2 weight %) shows lightweight property (1.06 g/cm?) while exhibiting com-
parable specific toughness and strength to the natural nacre. In addition, the 3D-printed lightweight smart armor
with aligned GNs can sense its damage with a hesitated resistance change. This study highlights interesting
possibilities for bioinspired structures, with integrated mechanical reinforcement and electrical self-sensing capa-
bilities for biomedical applications, aerospace engineering, as well as military and sports armors.

INTRODUCTION

Lightweight and strong structural materials attract much attention
due to their strategic applications in sports, transportation, construc-
tion, aerospace, and biomedical industries (1-4). In addition, multi-
functional wearable sensors for health monitoring have attracted
increasing attention (5, 6). However, most developed piezoresistive
sensors are soft and cannot protect the human body. A multifunctional
wearable sensor with protective property is on demand for applica-
tions such as sports and military armors (7). Hierarchical structures
in nacre lead to superior mechanical performance even with relatively
weak constituents—adequately protecting its soft body (8). The secret
of nacre’s excellent protective performance lies in its sophisticated
hierarchical “brick and mortar” (BM) architecture ranging from
nanoscopic/microscopic to macroscopic levels (9, 10). This outstand-
ing property serves as the basis for the design of lightweight and
strong armor by translating specific microstructural and interfacial
structures (11, 12). Recently, different types of nacre-inspired layered
nanocomposites have been fabricated with inorganic additives, in-
cluding glass flake, alumina flake, graphene, and graphene nano-
platelets (GNs) (13-15). Traditional bottom-up assembly processes,
including vacuum filtration, spray coating, ice templating, and self-
assembly, have been intensively studied to fabricate nacre-inspired
structures (1, 11, 16, 17). However, these methods are focused on two-
dimensional (2D) thin-film fabrication (15, 18, 19) or simple shape
bulk structures with improved mechanical properties (17, 20, 21). It is
challenging to use these methods to construct complex 3D structures
with enhanced multifunctional properties. Additive manufacturing
(3D printing) could be a powerful tool to address this challenge and
build bioinspired 3D structures with improved mechanical and elec-
trical properties (22-24). The alignment of fillers in polymer compos-
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ites has been studied because of their impressive strength-to-weight
ratios, while the interface bonding between the polymer matrix and
fillers still needs to be improved (25-27). Recently, 3D-printing
methods using shear forces, magnetic field, and acoustic field have
been developed to build reinforced composites with aligned fillers (re-
fer to table S1) (25, 28).

Here, we present an electrically assisted 3D-printing method using
aligned GNs (aGNs) in the photocurable resin (G from MakerJuice—
notated as M]J) to build nacre-inspired hierarchical structures. The
proposed fabrication procedure takes advantage of the nanoscale-to-
microscale assembly induced by the electric field and the microscale-
to-macroscale assembly by 3D printing. The 3D-printed hierarchical
structures with aGNs show reinforced mechanical properties com-
pared to those with random GNs (rGNs). The 3D-printed artificial
nacre with aGNs displays comparable specific toughness and strength
to the natural nacre. It also has an anisotropic electrical property, un-
like the natural nacre. A smart helmet with both protective property
and self-sensing capability can be fabricated using the electrically as-
sisted 3D-printing process. The bioinspired BM architecture enhances
the mechanical strength and electrical conduction by aligning GN in
each layer to maximize their performance by crack deflection under
loading. The electrically assisted 3D-printing method can build a mul-
tifunctional lightweight and strong 3D structure with electrically self-
sensing capability.

RESULTS AND DISCUSSION

Electrically assisted 3D printing of nacre-inspired structures
Natural nacre has evolved unique microstructures composed of
CaCO; platelets (~500 nm thick) acting as “bricks” and bonded by
the protein “mortar” (~10 nm thick) in between (fig. S4) to enable
predictable protection of its soft body (2, 29, 30). This BM structure
plays a key role in the process of dissipating crack energy under loading
through typical toughening mechanisms such as crack deflection, inter-
locking, and mineral bridging (20). Replicating nacre’s structure is im-
portant as it sheds light on the design of tough engineering structures
for protection; however, its fabrication is challenging because it is
hierarchical, with features from nanoscale to macroscale. Previous at-
tempts at 3D printing of nacre-inspired structures are emphasized on
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the shape mimicry and study of related reinforced mechanical proper-
ties (25, 26, 31).

Here, we developed an electrically assisted 3D-printing method to
build an artificial nacre with hierarchical structures similar to those of
the natural nacre. Using aGNs in the photocurable polymer, we show
that this artificial nacre notably improved mechanical and electrical
properties. The intrinsic toughening in the nacre’s structure is primarily
a result of crack deflection at the platelet interfaces (11). In this study,
the GN with a thickness of 8 nm, a large surface area of 120 to 150 m*/g,
and a diameter of 25 um was chosen to increase the interface area. GN's
were further grafted with 3-aminopropyltriethoxysilane (3-APTES)
to strengthen the interface and the load transfer between the polymer
matrix and GNs (figs. S1 and S2). Figure 1A shows the setup of the elec-
trically assisted 3D printing to build nacre-inspired structures using
M]/GNs composites (see Materials and Methods). The electric field
(433 V/cm) was used to enable the alignment of GNs in the composite
during the layer-based 3D-printing process. Two parallel plate elec-
trodes were used with DC voltage to induce the parallel alignment (gaps,
3 cm; 1300 V; Fig. 1B). The alignment relaxation time is determined by

v = (F(D)/3n)G (1)

G =g,eE*/2, where g is the electric permittivity of vacuum, 1) is the matrix
viscosity, G is the rotational torque, € is the anisotropic dielectric constant,

A B

and F(D) is the shape factor including aspect ratio D (22). The equation
shows that the relaxation time is proportional to the matrix viscosity. To
reduce the time for GNs alignment, we used a photocurable resin (M])
with low viscosity [90 centipoise (cP), 20°C]. When subjected to an electric
field, GNs in a dielectric liquid are polarized and gain a dipole moment
(1) due to different dielectric properties and electrical conductivities be-
tween the inclusion and the liquid (32). 2D GNs have shape anisotropy.
The polarization moment parallel to the platelet is much higher than that
perpendicular to the platelet. The difference leads to the rotation of GN.
The overall torque acting on the GN is the superposition of the torques
induced by the electric fields that are parallel and perpendicular to its axis

T¢=py xE —u, XEj (2)
and is resisted by the viscous torque from the liquid
T = —0'k, (3)

(Fig. 1D), with E, = E sin 0 and E| = E cos 6, where 0 is the angle
between the electric field direction and the semi-major axis of GN, n
is the viscosity, 0’ is the angular velocity, and k, is the rotational fric-
tion coefficient. Once rotated, polarized GNs tend to attract each
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Fig. 1. Schematic diagram of the electrically assisted 3D-printing platform for the construction of nacre-inspired structures. (A) Diagram of the electrically
assisted 3D-printing device. (B) lllustration of the bottom-up projection-based stereolithography process. (C and D) Schematic diagrams showing the alignment of GNs
under the electric field and alignment mechanisms, respectively. (E) 3D-printed nacre with aGNs and SEM images showing surface and cross-section morphology. DMD,

digital micromirror device; PDMS, polydimethylsiloxane.
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other due to the opposite charges presented at their ends (Fig. 1D).
The aGNs can be seen to be parallel, closely packed, and homoge-
neous throughout the sample layers due to the electric field (Fig. 1E
and fig. $3). In each layer, GN bricks are separated by the polymer
matrix in between that acts as mortar. All these structural features
are critical for the excellent mechanical performance of the 3D-printed
nacre. The GN not only have outstanding intrinsic properties but
also are geometrically compatible with lamellae in the natural nacre’s
BM structure. Because the GN exhibit high in-plane rigidity and
substantial out-of-plane flexibility, their strengthening efficiency in
nanocomposites is strongly affected by their arrangement (29). Specif-
ically, the aGN's will carry most of the load in the composite when the
alignment is parallel to the load. The images in Fig. 1E and the micro-
scopic images in fig. S5B show that the nacre model is successfully
built with a layer thickness of 100 um, with aGNs stacking within
each layer. Comparisons highlight the strong similarities between
the 3D-printed nacre and the natural nacre in their macroscale mor-
phology and the microscale structure (fig. S4 and Fig. 1E). Specifically,
the microscale structure of the 3D-printed nacre was characterized by a
dense stacking of lamellae, in which the 2D GNs and the polymer
matrix alternately stack (Fig. 1E). The polymer matrix between the

aGNs acts as a sandwich-like structure similar to the sandwich-like
CaCOs chitin structure in biogenic nacre (fig. S4). The inorganic GN
sheets act as bricks, while the MJ polymer serves as the mortar between
aGNs in the 3D-printed nacre.

Investigation of toughing mechanisms

The stress-strain curve of the natural nacre demonstrates an interest-
ing behavior with several peaks for energy dissipation (Fig. 2C). The
natural nacre demonstrates its ability to channel nonlinear deforma-
tion and suppresses crack growth through crack deflection and
branching (Fig. 2, D and E) (33). Within the natural nacre’s hierar-
chical structure, toughening mechanisms at multiple length scales
have been proposed to contribute to the marked improvement in
mechanical performance. In comparison, the stress-strain curve of
the 3D-printed nacre with aGNs shows similar behavior to that of
the natural nacre (Fig. 2F). The laminated structure in the 3D-
printed nacre leads to crack branching, crack deflection (Fig. 2, G
and H), and nanoplatelet bridging (Fig. 3E), similar to those of the
natural nacre (21, 34). Because of its unique BM structure, crack deflec-
tion up to millimeter length was found in the 3D-printed nacre (Fig. 2G).
This deflection is considered to be the primary energy-dissipating
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Fig. 2. The 3D-printing process. (A) Nacre model by SolidWorks (from Dassault Systémes), sliced using our DMD-based stereolithography software to generate
projection patterns. (B) rGNs are aligned by the electric field (blue dotted arrow shows the direction) to generate aGNs during the 3D-printing process; after the
alignment, the composites solidify after light exposure (yellow part), the alignment of GNs is kept in the composites, and then the build plate peels after the layer
is complete to print additional layers with aGNs. (C) Compression of natural nacre and SEM images of the fracture surface, showing crack deflection (yellow arrowheads)
and crack branching (red arrowheads) in (D) and crack deflection between layers in (E). (F) 3D-printed nacre with 2 wt % aGNs under loading with crack deflection and
branching in (G). (H) SEM image showing deflection between layers (yellow arrowheads).
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mechanism in the natural nacre (2, 16). A detailed structural anal-
ysis to understand the intrinsic factors that lead to the improved
mechanical property of the artificial nacre is discussed in the re-
maining sections.

We compared the stress-strain behavior of the 3D-printed nacre
with rGNs and aGNss for different mass ratios of GNs (Fig. 3A). The
stress-strain curves of the 3D-printed nacre with rGNs show a sharp
drop behavior (Fig. 3A) and typical brittle fractures with crack
propagation, as compared to those of the natural nacre (Fig. 3B).
Structural simulation using COMSOL Multiphysics demonstrates
that the stress is concentrated on the joint area between rGNs and
the polymer matrix within cracks (Fig. 3C). This inhomogeneous
stress distribution can easily pull out rGNs (Fig. 3B, inset) and leads
to a catastrophic failure. The pullout of the rGNs occurs at lower stress,
resulting in markedly less energy dissipation and an early failure. The
maximum load (the load at failure) shows that there is an increment
for composites with aGNs compared with rGNs for the same load (Fig.
3D). This demonstrates that the alignment of GNs in the artificial
nacre plays a critical role in crack deflection and energy dissipation.
The maximum load reaches a maximum value with 2 weight % (wt %)
aGNs. The decrease of the maximum load with a loading of 2.5 wt %
GNs is due to the aggregation of nanoplatelets (see fig. S2). The aGNs
sheets were observed to act as bridges between cracks owing to
strong interactions between the aGNs and the polymer matrix
(Fig. 3E). In particular, the edges of aGNs are curved rather than
flattened, indicating that the breakage of the covalent bonds between
the polymer matrix and the GN brings the deformation of aGN’s
(Fig. 3E). The structural simulation shows that the aGN’s bridges lead
to the homogeneous stress distribution on the joint area between the
aGNs and the polymer matrix; hence, aGNs can carry loads that

Sy T J |
GN bridging o 04
7

would otherwise be used to promote macroscopic crack advancement
(Fig. 3F) (30, 35-37). With the further increase of loading, the energy
dissipation that is required to break the resulting aGNs bridges leads to
ductile-phase toughening (38). Natural materials, such as bamboo,
wood, and bone, have unique mechanical properties that usually de-
pend on synergistic effects from interfacial interactions and multiscale
building blocks (2, 39). Similarly, hydrogen bonding networks and n-n
interaction are formed between GNs and the two monomers in the
M]J photocurable resin (epoxy diacrylate and glycol diacrylate) (fig. S8)
(40). Similar to the interlock between adjacent platelets in the natural
nacre, the Si-O-Si groups act as covalent bonding sites to promote
the interlock between adjacent GNis (fig. S1) (41). Covalent bonding,
hydrogen bonding, n-r interaction, and aGNs bridging usually syn-
ergistically work together in enhancing mechanical properties, re-
sulting in an amplification effect (42). The synergistic effect leads
to crack branching, crack deflection, and multiple peaks in the load-
compression displacement curves for the composites with aGNs. Ac-
cordingly, because of the control of the structural architecture at the
microscale and macroscale levels, we have combined a number of
toughening mechanisms operating over a broad range of dimensions
to generate extensive crack tip shielding and fracture resistance.
Therefore, this unique BM structure constructed by electrically as-
sisted 3D printing presents a type of lightweight, strong, and tough
materials that can be used to fabricate arbitrary 3D geometric shapes.

The standard three-point bending tests were performed to measure
the toughness of the 3D-printed composites with rGNs, aGNs, and a
reference sample using the pure polymer (samples size, 25 mm x 5 mm X
5 mm; notch depth, 3 mm). The results show that the pure polymer
sample exhibits a purely linear elastic response until a catastrophic
failure occurs. The corresponding fracture surface shows no crack
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Fig. 3. Mechanical property and microstructure study of 3D-printed nacre. (A) Comparison of compression properties of the 3D-printed nacre with different
loadings and alignments. (B) Crack propagation in MJ/rGNs nacre with the breaking of rGNs. (C and F) Simulations of stress distribution of MJ/rGNs and MJ/aGNs
by COMSOL Multiphysics, respectively. (D) Comparison of maximum compression load for the 3D-printed nacre with different mass ratios of GNs. (E) Crack deflection of

MJ/aGNs nacre and bridging and interlocking of aGNs.
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deflection (Fig. 4A). With rGNss in the 3D-printed sample, progres-
sive failure occurs because of stable crack propagation (Fig. 4B) and
the related increment of fracture toughness (Fig. 4D). In comparison,
after the alignment of GNs, we obtain a stable crack arrest and de-
flection by the toughening of brick-like platelets, similar to that of the
natural nacre (Fig. 4C). Crack propagation is deflected by aGNs and
suppressed by aGNs bridging with a subsequent curving during
crack growth. Thus, energy dissipation is synergistically enhanced
by these crack suppression mechanisms, leading to a higher tough-
ness. Simulation using COMSOL Multiphysics reveals that the dam-

age in MJ/aGNs composites not only localizes at the crack tip but
also is widely distributed ahead of the growing crack by deflecting
microcracks (Fig. 41). Instead of the unstable (catastrophic) cracking
characteristic of the MJ/rGNs composites (Fig. 4H), the primary
characteristic of nacre-inspired MJ/aGNs composites is its extrinsic
toughening mechanism, which provides the means to induce stable
(subcritical) crack growth (Fig. 4I) (43). aGNs-related bridging and
interlocking also translate to an increase in dissipated energy and
toughening, which contribute to the composite’s outstanding crack
arrest performance.
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The capability of a material with preexisting cracks to resist frac-
ture is defined as fracture toughness and is a critical mechanical
property of interest because it determines structural integrity and re-
liability (20). The fracture toughness for crack initiation Kj¢c (de-
scribing the resistance to crack initiation) is significantly higher for
aGNs than for rGNs with the same loading (Fig. 4D). The tests show
that the Kjc of nanocomposites with 2 wt % [1.06 volume % (vol %)]
aGNs has the highest value (1.59 MPa m'/?) and is increased by
115% compared with the pure polymer. However, this value is still
lower than that of the natural Cristaria plicata nacre (~2.4 MPa m'?)
(20). With the further increase of filler loading, the fracture toughness
decreases for both rGNs and aGNs due to the aggregation of GNs.
The fracture toughness for stable crack propagation Kjc of the 3D-
printed nacre with aGNs increases by 109% from the crack initi-
ation (~1.59 MPa m'/?) to the end of the stable crack propagation
(~3.28 MPa m'?) (E = 3.5 GPa), which far exceeds those of the pure MJ
bulk (~0.79 MPa m'/?) and the rGNs composite (~1.33 MPa m'?) butis
still lower than that of the natural C. plicata nacre (~5.9 MPa m'?)
(Fig. 4D) (20). However, our 3D-printed nacre is more lightweight
than the natural nacre [p; =1.06 g/ cm? for our 3D-printed nacre and
py =2.58 g/cm3 for the natural nacre (20)]. Consequently, both the
specific toughness and the specific strength of the 3D-printed nacre
are comparable with those of the natural nacre (Fig. 4E). Our 3D-
printed nacre has the lowest density compared with other nacre-
inspired composites (inset image in Fig. 4E and table S2) (44). For
natural materials, fracture resistance increases with crack extension,
generating a characteristic rising crack resistance curve (R-curve)
(2, 11, 45). The J-R curve approach was applied to quantitatively
study the changes of Kjc with the crack extension (Aa) (46, 47). The
results show that the 3D-printed nacre exhibits an extensive rising
R-curve behavior (Fig. 4F) similar to that of the natural C. plicata
nacre (Fig. 4G) [copyright from (20)], indicating their resistance to
fracture during the crack growth. It is noted that there is no R-curve
for the 3D-printed structure with the rGNs composite due to crack
propagation (Fig. 4F). The R-curve behavior gives us a better under-
standing of how the aGNs in the nanocomposite can sustain sub-
critical cracking, thus delaying or even inhibiting the catastrophic
failures, which is critical for developing engineering structures with
high toughness and self-sensing capability. These results strongly il-
lustrate that the lightweight 3D-printed nacre with aGNs exhibits
high toughness due to the multiscale replication of the hierarchical
BM structure from the natural nacre.

Investigation of anisotropic electrical properties

for self-sensing

Different from the natural nacre, our 3D-printed nacre shows a sig-
nificantly improved electrical conductivity that can be useful for ap-
plications requiring self-sensing property (e.g., sports and military
armors). The piezoresistive responses of MJ/rGNs and MJ/aGNs
composites were studied. Figure 5A shows that the light-emitting di-
ode (LED) is “on” in the direction parallel to the GNs alignment but
is “off” in the direction perpendicular to the alignment for the 3D-
printed nacre with aGNs. The resistance of the composite with aGNs
is 10° times lower in the direction that is parallel to the alignment
than that with aGNs in the perpendicular direction and the com-
posite with rGNs (Fig. 5B). The anisotropic electrical property is
attributed to the fast electron transport parallel to the alignment di-
rection between adjacent aGNs but is blocked by the insulated poly-
mer matrix in the direction that is perpendicular to the alignment
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(Fig. 5C) (15, 42). A wearable helmet designed for a Lego bicycle
rider was 3D-printed to study its self-sensing capability (Fig. 5D)
(Materials and Methods). Compared with rGNs, the helmet with
aGNs shows both improved impact and compression resistances.
The drop-tower impact test shows that the helmet with rGNs was
totally broken, while the helmet with aGNss still kept its shape (fig.
S11). Note that the helmet with aGN's (0.36 g) can sustain the impact
of an iron ball 305 times its weight (110 g). After the impact, the
brightness of LED connected to the helmet slightly decreased be-
cause of the crack formation and increased resistance (fig. S11C).
We constructed an RC circuit and used an RC time function pro-
vided by the microcontroller to measure the resistance changes of
the 3D-printed helmet during the impact and compression tests
(Fig. 5G and fig. S13). For the helmet with rGNs, the LED was al-
ways off due to the large resistance (Fig. 5E). In comparison, for the
helmet with aGNs, the LED was turned on due to the structure’s
much smaller resistance. During compression, the brightness of
the LED decreased because of the crack formation and deflection.
Last, the LED went off after a catastrophic failure of the helmet
(Fig. 5F). The measured resistance change related to the applied
load for the helmet with rGNs is shown in Fig. 5H. Note a sharp
increase on the helmet’s resistance (from blue zone to red zone)
when the catastrophic failure occurs. This is attributed to crack
propagation and pullout of the rGN's during the catastrophic failure
(Fig. 3F). Without the electron transport between adjacent GNs the
resistance of the helmet will markedly increase after failure. Hence,
the failure of the 3D-printed helmet with rGNs would happen in-
stantly, and the LED was kept off and showed no alarm to the struc-
tural failure (movie S1). In comparison, the 3D-printed helmet with
aGNis reveals quite a different behavior during the compression test.
The stress-strain curve shows several peaks due to the crack deflec-
tion by aGNs, demonstrating energy dissipation during compres-
sion (Fig. 5I). Meanwhile, aGNs bridging between cracks keeps
the electron transport with a slight increase of resistance (yellow
zone in Fig. 5I), which corresponds to the decrease of the LED’s
brightness (Fig. 5F). With the further increase of loading, the resist-
ance increases markedly due to the catastrophic failure (red zone in
Fig. 5I). Hence, the existence of the yellow zone and the related
brightness change demonstrate crack formation and deflection,
acting as an alarm for the self-sensing behavior of the smart helmet
with aGNs (movie S2). Besides, the helmet with aGNs shows over 10>
times higher resistance change after catastrophic failure compared to
the one with rGN's (fig. S14). Hence, the nacre-inspired nano-laminated
architecture provides extrinsic toughening and enhancement of
electrical conductivity by aligning GNs in the nanocomposites (19).
With the mass customization capability of the 3D-printing technol-
ogy, 3D-printed smart structures that are lightweight and strong
could find more potential applications in biomedical, aerospace, mil-
itary, and sports industries.

CONCLUSION

In summary, the lessons learned from the natural nacre provide
key ideas to build multifunctional structures with high toughness.
An electrically assisted 3D-printing process using aGNs in the poly-
mer matrix has been developed to fabricate complex 3D structures
with a hierarchical nacre-inspired BM architecture. The 3D-printed
structure with aGNs shows significantly enhanced toughness, impact,
and compression resistances due to the synergistic effect and crack
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Fig. 5. 3D-printed smart helmet with anisotropic electrical property. (A) Anisotropic electrical property of the 3D-printed nacre. (B) Changes of electrical resistance with
different GNs loadings and alignments. (C) Schematic diagram showing the layered polymer/GNs structure with anisotropic electrical resistance. (D) 3D-printing process of a self-
sensing smart helmet. Demonstration of the wearable sensor on a Lego bicycle rider showing different self-sensing properties for the 3D-printed helmets with rGNs (E) and aGNs
(F). (G) Circuit design for the tests. Compression force of the 3D-printed helmets with related compression displacements and resistance changes for rGNs (H) and aGNs
(1), respectively. (Photo credit: Yang Yang, Epstein Department of Industrial and Systems Engineering, University of Southern California.)

deflection. The 3D-printed nacre displays lightweight property with  sensors that can self-sense the crack. The 3D-printed smart helmet
comparable specific fracture toughness to the natural nacre. In addi-  can protect the human body and sense its potential damage. This
tion, the alignment of GNs leads to the anisotropic electrical prop-  study shows that the alignment of GN creates the bridge and
erty, presenting a feasible direction for building protective wearable  interlock, which is essential to confer the stress-induced damage in
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the 3D-printed structure. The developed electrically assisted 3D-
printing process can fabricate structures with excellent integrated
mechanical and electrical properties as well as complex 3D shapes.
Such a new fabrication technique could enable the design and fabri-
cation of the smart structures that are lightweight yet strong for var-
ious potential applications in biomedical, aerospace, transportation,
sports, and military industries.

MATERIALS AND METHODS

Surface modification of GN

GNs (0.5 g; surface area, 120 to 150 m*/g; 25 pm; Sigma-Aldrich) was
first chemically treated with 30 ml of 10 N sulfuric acids in the pres-
ence of 1 g of potassium dichromate for 1 hour at 80°C. It was then
filtered and washed with hot and cold water several times to remove
chromic acid and dried in an oven at 90°C. Then, 0.5 ml of 3-APTES
dissolved in acetone was added to the GN dispersed in water, and the
mixture was stirred for 1 hour at 80°C. The resultant was filtered and
washed with acetone (fig. S1A).

Preparation of MJ/GNs composite resin

The photocurable resin G+ (MakerJuice Labs, KS, USA) was selected
in our study due to its excellent mechanical property and low viscos-
ity. It contains high tensile epoxy diacrylate (=9000 psi) and glycol
diacrylate as well as the photoinitiator. This particular resin has a
tensile strength of 63 MPa. The surface-modified GN powder was
mixed with the polymer resin for 2 hours under magnetic stirring
and then ultrasonic bath for 30 min. We degassed the composite
in the vacuum before fabrication. Different mass ratios of GNs were
used [0.5 wt %, 1 wt %, 1.5 wt %, 2 wt % (1.06 vol %), and 2.5 wt %] to
study the related mechanical properties.

We applied DC voltages using a high-voltage power supply
(model 210-30R, Spellman, NY, USA). Fourier transform infrared
spectroscopy (FTIR) spectra were collected using an FT/IR 420 Fourier
transform infrared spectrometer. The optical images were obtained
using a Micro-Vu Sol 161 microscope. Scanning electron microscopy
(SEM) images of the fracture cross section of the printed nacre model
were taken using a JSM-7001F microscope.

Electrically assisted 3D printing of artificial nacre

The MJ/GNs nanocomposite was deposited in a transparent glass tank
(Fig. 1A); the photocurable resin was cured after mask images were
projected upward onto the bottom of the substrate via the optical sys-
tem. Two parallel plate electrodes (1 cm x 3 cm) were used with DC
voltages to obtain the parallel alignment. The nacre model was first
created using SolidWorks and then sliced with an in-house-developed
“digital micromirror device (DMD)-based stereolithography” software
to generate different patterns (Fig. 2A). Mask images of the computed
patterns were then projected on the resin surface to build different
layers (Fig. 2A, the number in the figure shows the number of layers).
The electrically assisted 3D-printing process aligned and selectively
polymerized programmed parts to have specific reinforcement orien-
tation within each layer. After the layer was fabricated and attached
to the previous layer, it was peeled off from the Teflon film on the
tank to print additional layers (Fig. 2B). For example, the first layer
was built by projecting the first pattern and the process was repeated
until the 56th layer was obtained. For the fabrication process, dif-
ferent patterns can be projected on the surface of the MJ/GNs nano-
composite. The composites solidified because of the photocurable
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property of the resin, and the alignment of GNs in each layer was fixed
after a portion of the composites was solidified. After the first layer was
cured on the base, the base was moved up and then moved down for the
second layer to be cured and so on. Uniform thin layers were then
recoated by moving the platform to form the desired gap between the
previously cured layers and the glass substrate. In this case, the
electric field guided the alignment of GNs in the MJ resin before
the photocuring process. The resolution of the DMD chip (Texas
Instruments, Dallas, TX) was 1024 x 768, and the output light inten-
sity of the projection system was 3.16 mW cm 2.

Electrically assisted 3D printing of smart helmet

The helmet model was first created using SolidWorks and then sliced
with the DMD-based stereolithography software system to generate
different mask patterns (Fig. 5D). The patterns were then projected
to build different 2D layers. A total of 87 layers were constructed to
create the smart helmet. During the printing process, a DC voltage
was applied to align GNs in the MJ/GNs nanocomposite to build the
helmet model. The electrical and mechanical properties of the 3D-
printed smart helmet were tested after the fabrication and removal of
the part from the base. A Keithley 2400 sourcemeter was used to
measure the resistance of the 3D-printed nacre and helmet. In all
the tests, five samples with the same alignment and loading of
GNs were fabricated and tested to reduce experimental error.

Mechanical testing

The mechanical properties of the natural nacre, the 3D-printed nacre,
and the helmet were measured using a universal testing machine
(Instron 5492 Dual Column Testing Systems, Instron, MA, USA).
Before the test, the sample was put in the middle of the test plate,
with the compression force vertical to the alignment of GN. For the
compression test, the static compression was chosen, and the veloc-
ity of compression was 1 mm min~" with a maximum compression
distance of 2 mm. For the three-point bending test, the velocity of
compression was 1 mm min~" with a maximum compression distance
of 1.5 mm. The pictures from the side view were instantly taken using
an optical microscope after the test. A multimeter was connected to
the sample during the three-point bending and compression tests to
record the resistance changes. For the single-edge notched bend
(SENB) tests, samples with a thickness of 5 mm and a notch depth
of 3 mm were 3D-printed. Fracture toughness for crack initiation
Kic was calculated using the following equations (20, 48)

PicS

Kie = g

fla/W) (4)
fla/W) =

3(a/W)"?[1.99 — (a/W)(1 — a/W)(2.15 — 3.93a/W + (a/W)?)]
21+ 2a/W)(1 — a/W)*?

(5)
where Pjc is the maximum load in the SENB test, S is the support
span (2.1 cm), B is the thickness of the specimen (5 mm), W is the
width (5 mm), and a is the notch depth (3 mm).

Fracture toughness for stable crack propagation, Kjc, in this work
was calculated from the elastic and plastic contribution, which relates
to the J-integral calculation (20). The related equation is J = Jo + Jp,
where ] is the elastic contribution based on linear elastic fracture
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mechanics [ = Ké—ﬁz The plastic contribution J,; can be calculated

with the following equation

= g (©

where Ay is the plastic area underneath the load-displacement curve.
Thus, J values can be transformed into K values by the following
equation

Kyic = (JE)"? (7)

where E' = E(1 - V)% E is Young’s modulus, and v is the Poisson’s
ratio. As the variation of E influences Kjc in a limited way, E’ can be
replaced by E.

The crack extension Aa was calculated according to the previously
reported indirect method with the following equation (20, 43)

W — an—1 Cn - Cn—l
2 C,

A, = an_1 + ,Co=uy/f,,Aa=a,—a (8)

where a,, and C, are the crack length and complaisance, respectively,
calculated at each point after the departure of the crack. 1, and f, are the
displacement and force at each point after the departure of the crack,
respectively. W is the width of the specimen. In all the mechanical
tests, five samples with the same alignment and loading of GNs were
tested to reduce experimental error.

Simulation by COMSOL Multiphysics

The stress distributions of rGNs and aGNs within the crack were sim-
ulated by importing the model built from SolidWorks into COMSOL
Multiphysics. A force (200 N) was applied to the model to study the
deformation of the two models. The modulus of MJ was set to 300 MPa,
and the modulus of GN was set to 1000 GPa.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/4/eaau9490/DC1

Supplementary Discussion

Fig. S1. Surface modification of GN and FTIR spectrum results.

Fig. S2. SEM images of fracture surfaces of the pure MJ polymer and MJ/GNs composites with
rGNs and aGNs without and with surface modification, respectively.

Fig. S3. Schematic diagram and optical microscopic images show the alignment of GNs under
the electric field.

Fig. S4. Picture of the natural nacre and SEM images.

Fig. S5. Sliced patterns of nacre model and SEM results of the 3D-printed nacre.

Fig. S6. Comparison of fracture surfaces of the natural nacre with the 3D-printed nacre.

Fig. S7. Changes of cure depth with the fraction of GNs.

Fig. S8. Demonstration of the bonding between the MJ polymer matrix and GN fillers.

Fig. S9. Crack deflection and the brick-and-mortar structure in the natural nacre and the
3D-printed nacre.

Fig. S10. A comparison of fracture behavior of the 3D-printed nacre and the natural nacre.
Fig. S11. The schematic diagram shows the drop-tower impact test setup for 3D printed
helmet with rGNs and aGNs.

Fig. S12. The standard three-point bending tests were performed to study the flexural strength
of the 3D-printed structures.

Fig. S13. The setup to test the resistance change of the 3D-printed helmet during compression.
Fig. S14. A comparison of the resistance changes of the 3D-printed helmets with different
loadings of rGNs and aGNs during compression.
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Fig. S15. lllustration of the microstructure of the 3D-printed nacre with rGNs and aGNs.
Fig. S16. The calculation of the interconnection of GNs in 3D-printed structures.

Table S1. Comparison of alignment of fillers in polymer-based composites using different
methods.

Table S2. Comparison of densities, shape complexity, and electrical conductivity of
nacre-inspired structures fabricated using different methods.

Movie S1. Self-sensing capability of 3D-printed helmet with rGNs.

Movie S2. Self-sensing capability of 3D-printed smart helmet with aGNs.
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