Nano Energy 72 (2020) 104676

7%

nérgy

Contents lists available at ScienceDirect

Nano Energy

FI. SEVIER

 materialstoday

journal homepage: http://www.elsevier.com/locate/nanoen

Check for

All 3D-printed stretchable piezoelectric nanogenerator with non-protruding  %&s"
kirigami structure

Xinran Zhou ®", Kaushik Parida®, Oded Halevi*"*, Yizhi Liu, Jiaqing Xiong?,
Shlomo Magdassi 54" Pooi See Lee ™’

@ School of Materials Science and Engineering Nanyang Technological University, 50 Nanyang Avenue, Singapore, 639798, Singapore

Y Singapore-HUJ Alliance for Research and Enterprise (SHARE), Nanomaterials for Energy and Water Nexus (NEW), Campus for Research Excellence and Technological
Enterprise (CREATE), 1 Create Way, Singapore, 138602, Singapore

¢ Casali Center of Applied Chemistry Institute of Chemistry, The Hebrew University of Jerusalem, Jerusalem, 91904, Israel

d Department of Astronautic Science and Mechanics, Harbin Institute of Technology, No.92, Xidazhi Street, Harbin 150006, China

ARTICLE INFO ABSTRACT

Keywords: With the advancement of wearable electronics, stretchable energy harvesters are attractive to reduce the need of

Piezoelectric nanogenerator frequent charging of wearable devices. In this work, a stretchable kirigami piezoelectric nanogenerator (PENG)

Is(t_rf’mha_ble based on barium titanate (BaTiO3) nanoparticles, Poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE))
1rigami

matrix, and silver flakes-based electrode is fabricated in an all-3D printable process suited for additive
manufacturing. The 3D printable extrusion ink is formulated for facile solvent evaporation during layer for-
mation to enable heterogenous multilayer stacking. A well-designed modified T-joint-cut kirigami structure is
realized to attain a non-protruding, high structural stretchability performance, overcoming the out-of-plane
displacement of the typical kirigami structure and therefore enabling the pressing-mode of a kirigami-
structured PENG. This PENG can be stretched to more than 300% strain, which shows a great potential for
application in wearable electronic systems. Furthermore, a self-powered gait sensor is demonstrated using this

3D printing
Gait analysis
Direct-write printing

PENG.

1. Introduction

The rapidly advancing electronic industry is changing our way of
working and living, in which energy supply is the most fundamental
need [1,2]. Due to resources limitations and environment pollution is-
sues caused by traditional energy generation, and the inconvenience in
repeatedly charging of electronic devices [3-5], the mobile electronic
systems require an effective, sustainable, autonomous and portable en-
ergy supply [6,7]. Among all forms of energy sources, mechanical en-
ergy is one of the most available form of energy in our daily life. From
the vibration of machines, to the mechanical energy of wind, water flow
or rain drop, or the motion of human body, mechanical energy can be
found everywhere. Converting mechanical energy to electricity to power
portable electronic systems is a simple, sustainable, and reliable choice.
Amongst the mechanical energy harvesting principles, piezoelectric ef-
fect and triboelectric effect are suitable for portable energy harvesters

[8-17]. Triboelectric nanogenerator (TENG) is based on triboelectric
effect and electrostatic induction. While triboelectric effect is a phe-
nomenon that a material becomes electrically charged after it contacts a
different material, piezoelectric effect is based on the inherent polari-
zations of materials [15,18,19]. Thus, piezoelectric energy harvesters
are stable, reliable and not affected by environmental factors such as
humidity [20-24]. Piezoelectric nanogenerator (PENG) is defined as
piezoelectric energy harvester that uses nanomaterials or thin film
structure for the energy conversion [11,25-28]. Piezoelectric materials
include single crystals such as quartz [29], polycrystalline ceramics
(lead zirconate titanate, barium titanate, etc.) [29], or metalloids such as
tellurium [30], 2D materials such as MoS; (with piezoelectric constant
d;; along the armchair direction that is 1.5 times greater than that of
quartz [31,32]), and a few types of polymers that are flexible [33]. One
of the most important piezoelectric polymer is P(VDF-TrFE) that has
been proven to have a higher piezoelectricity than PVDF due to the
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thermodynamically favored crystallization of the ferroelectric  phase
induced from the extra fluorine atom in each repeating unit [34]. In
addition, the incorporation of nanoparticles into piezoelectric polymer P
(VDF-TrFE) leads to constrains in polymer chains, therefore enhancing
the crystallization and polarization of the polymer [35,36].

The emerging trend for electronics is wearable technology that
enable hands-free information collection and exchange. Human skin has
around 30% strain during body movement [37], in order to achieve a
comfortable human-machine interface, and to integrate with other
wearable energy storage and energy consuming devices, mechanical
energy harvesters are required to be stretchable to function in wearable
devices. The stretchability of piezoelectric energy harvester is achieved
in several ways, this includes buckling, weaving, cutting, micro-pattern
designing, and compositing with elastomer. Early in 2011, Qi et al. used
pre-strain polydimethylsiloxane (PDMS) to transform lead zirconate
titanate (PZT) ribbons into wave-like buckled form [38]. The buckling
provided 8% strain in the material. In addition to PZT ribbons, poly-
vinylidene difluoride (PVDF) fibers could also be buckled on pre-strain
PDMS to achieve 30% strain [39]. Subsequently, PVDF nanofibers
were deposited onto pre-strained PDMS coated Ecoflex substrate by
helix electrohydrodynamic printing (HE-Printing) with a fractal inspired
architecture, causing 200% stretchability [40]. Weaving is another
method to make piezoelectric energy harvester stretchable. Yun et al.
achieved 20% strain by weaving PVDF film with polyester and silicone
tube [41]. For micropatterning method, Lee et al. designed the
micro-line pattern structured carbon nanotube (CNT)/PDMS and
spin-coated  poly(vinylidene  fluoride-co-trifluoroethylene) P
(VDF-TrFE)) on it [42]. The resultant microstructure made it flexible
and stretchable to 30% strain. Piezoelectric composite with elastic ma-
trix is also an effective choice for high stretchability. Jeong et al.
fabricated a composite of PMN-PT particles, CNT, and silicone matrix
and made it into a hyper-stretchable energy harvester [43]. It stretched
to 200% maximum strain. We have reported a stretchable and trans-
parent hybrid (piezoelectric and triboelectric) nanogenerator with
PDMS and barium titanate nanoparticles (BaTiO3 NPs) that has an
elasticity of 60% strain [23]. Recently, Zhou et al. and Niu et al. reported
stretchable PENGs based on PZT filler and silicone rubber matrix for
energy harvesting and self-powered motion monitoring with high output
[44,45]. In Zhou et al. ‘s work, the device could sustain 50 — 200% strain
[44]. In Niu et al.’s study, the maximum strain for the PZT/rubber
composite is 575%, and the device could work stably under 30% strain
[45].

A concern on the above methods in tailoring stretchability is the
decrease of the effective content of piezoelectric material and therefore
the overall reduction in piezoelectric output. In addition, complex steps
involving multiple processing techniques are required to fabricate a
device with the methods mentioned above, which limits the facile
fabrication and scalability. To avoid the decrease of piezoelectric ma-
terial content and complex materials processing, an effective technique
for fabricating stretchable piezoelectric energy harvester is by kirigami
cutting. This method has an advantage in mass production of stretchable
piezoelectric harvesters because it can retain the optimum material
compositions and it avoids complex fabrication processes. It is a simple
but effective way to create stretchable device by using intrinsically
flexible materials. Hu et al. cut kirigami patterns on PVDF thin films,
resulting in 30% maximum strain [46]. This simple stretching kirigami
structure is able to sustain large strain so it is widely adopted in other
devices such as supercapacitors, solar cells, and strain sensors [47-50].
However, the simple stretchable kirigami structure typically functions
by tilting out of the plane and bending, so that part of the structure
protrudes out under stretching, which makes the structure unsuitable to
operate under compression or pressing mode. Since the 3-3 mode (force
is subjected in the direction vertical to the piezoelectric film, and electric
signals collected in the direction vertical to the piezoelectric film) of
piezoelectric effect usually has the highest piezoelectric constant,
pressing mode is the most common and effective mode for piezoelectric
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energy harvesters. Even though the kirigami structure enables the
stretchability, its use in energy harvester is limited due to the constraint
of physical protrusions from the kirigami structure. In this work, a
modified kirigami structure is designed to realize piezoelectric energy
harvesters that are highly stretchable with minimal structural pro-
trusions, therefore avoiding the impairment in performance during
pressing or compression mode.

As a type of rapid prototyping technique, 3D printing is effective in
fabricating complex three-dimensional (3D) structures with computer
modelling, which enables it to revolutionize the traditional
manufacturing industry. By introducing 3D printing technique into the
manufacturing of this kirigami stretchable piezoelectric energy
harvester, it allows rapid prototyping for fabrication of complex three-
dimensional (3D) structures of any designed shape in single step, low
cost and efficient manner, in which cutting and mould fabrication can be
eliminated [44-57]. This capability enables the possibility of integrating
3D printable 3D structured materials into the whole electronic system.
Until now, no 3D printed stretchable piezoelectric energy harvesters
have been reported due to the lack of stretchable piezoelectric materials
and electrode materials that are compatible with the 3D printing process
(an analysis of the state-of-art 3D printed piezoelectric materials and
devices is shown in Table S1). Through the design of a modified kirigami
structure to achieve stretchability, we are able to use a formulated
printable composite material system for a facile 3D printing method to
fabricate stretchable PENG. In direct write 3D printing method, the layer
formation can be achieved using thermal fusing, UV-curing, solvent
evaporation. The printable PVDF-TrFE here adopts the facile solvent
evaporation method. It is noted that the solvent evaporation printing
often suffers from dissolution of the prior layers and shrinkage during
evaporation upon 3D printing. Herein, our formulated 3D printed ink is
prepared using a fast evaporating solvent with low thermal budget
requirement to achieve a homogenous printed layer with defined
interface.

In this work, we realize the well-designed modified kirigami struc-
ture by direct-write 3D printing process. By developing the piezoelectric
ink and the conductive ink, an all-3D printed piezoelectric energy
harvester is demonstrated for the first time. BaTiO3 nanoparticles rein-
forced P(VDF-TrFE) is used as the piezoelectric material for enhanced
piezoelectricity comparing with neat P(VDF-TrFE). Silver (Ag)-based
conductive layers are 3D printed on the piezoelectric film as electrodes.
The all-3D printed kirigami PENG device is demonstrated as a wearable
energy harvester to harvest energy from body motion.

2. Results and discussion

Fig. 1 schematically describes the printing and poling process of the
piezoelectric device. First, the piezoelectric BaTiO3 NP/P(VDF-TrFE) ink
was printed on a piece of ITO glass that serves as the bottom electrode
during the poling process. Five layers were printed to form a 40 pm thick
sample. The thickness of one layer was measured with a surface profiler
to be 8 pm. Conductive Ag flake/P(VDF-TrFE) ink was then printed on
the top of the printed piezoelectric structure as the top electrode. The
same matrix material enables the good compatibility between the
piezoelectric material and the electrode. The printed structure and the
ITO glass substrate was put into silicone oil and poled with high electric
field under 100 °C for 2 h, for the alignment of the ferroelectric dipoles
inside the P(VDF-TrFE) matrix and the BaTiO3 NPs. Then, the silicone oil
was removed and the sample was peeled from the substrate, flipped
over, and fixed on the substrate again for the bottom electrode printing.
Finally, a bottom electrode was printed using the same Ag flake/P(VDF-
TrFE) conductive ink to achieve the all 3D printable PENG.

In P(VDF-TrFE), the piezoelectricity comes from g phase. The exis-
tence of B phase in the 3D printed and thermal-treated P(VDF-TrFE)
samples is confirmed with XRD (Fig. 2a inset). The peak at 20 = 19.6°
represents the  phase of P(VDF-TrFE), and the peaks representing o
phase are not present, confirming the P(VDF-TrFE) fabricated by
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Fig. 2. The inset of (a) is the XRD spectra of the 3D printed pure P(VDF-TrFE) and after annealing at 120 °C for 2 h, and (a) 3D printed BaTiO3 NP/P(VDF-TrFE)
composite with 20 wt% BaTiO3 NPs and after annealing at 120 °C for 2 h. SEM image of (b) 3D-printed Ag flake/P(VDF-TrFE) electrode and (c) SEM image of
interface of Ag flake/P(VDF-TrFE) top electrode, piezoelectric material BaTiO3 NP/P(VDF-TrFE), and Ag flake/P(VDF-TrFE) bottom electrode. (d) P-E loop of spin
coated BaTiO3; NP/P(VDF-TrFE) samples with BaTiO3 content of 0%, 10 wt%, 20 wt%, and 30 wt%.
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printing and annealing contains primarily the ferroelectric § phase. After
mixing of BaTiO3 NPs and P(VDF-TrFE), both materials maintain the
ferroelectric phases as shown in the XRD spectrum of the 3D printed and
thermal-treated composite sample with 20 wt% of BaTiO3 NPs (Fig. 2a,
Fig. S1, elaborated in S1). From the FTIR spectrum (Fig. S2, elaborated
in S2), it can be concluded that with the addition of BaTiO3 NPs, the
phase composition of P(VDF-TrFE) is not affected and the piezoelectric f§
phase dominants.

To form a PENG device, top and bottom electrodes need to be
attached onto the piezoelectric film. In this work, Ag flake/P(VDF-TrFE)
was used as the electrode material, whose resistivity is around 44.3 MQ
m with a standard deviation of 1.32 MQ m, as measured by 4-probe
method and calculated according to the sample thickness. The Ag
flakes and the P(VDF-TrFE) were dissolved in MEK and 3D printed onto
the printed BaTiO3/P(VDF-TrFE) film. SEM imaging was conducted to
check the morphology of the electrode and the interface between elec-
trodes and the piezoelectric material (Fig. 2b-c, Fig. S3). The
morphology of the electrodes is shown in Fig. 2b. Silver flakes of
different sizes were distributed inside the P(VDF-TrFE) matrix forming a
conductive percolative connection. From Fig. 2¢, the electrode layers
have a clear interface with the piezoelectric layer and the silver flakes
are well contained in the top electrode due to controlled fast evaporation
of the solvent during printing of the electrode. This also indicates that
the 3D printing of the electrode is highly feasible for the preparation of
multilayer sample with potential to reduce the number of processing
steps and equipment required in manufacturing.

Apart from confirming the piezoelectric phases, piezoelectric char-
acterizations including piezoelectric coefficient (d33) measurements and
polarization-electric field loop (P-E loop) measurements were done on
the 3D printed samples. A film sample with 20 wt% BaTiOs NP content
was 3D printed and poled with 50 V/um electric field according to its
average thickness (of 40 pm). The ds3 of the sample was measured as —
20 pC/N (standard deviation is 0.60 pC/N for three 20 wt% BaTiO3
samples). In comparison, the ds3 of the 3D printed pure P(VDF-TrFE)
sample that went through the same fabrication process and the same
poling electric field is — 16 pC/N (standard deviation is 0.55 pC/N for
three samples). The P-E loop measurements were done on the samples
with BaTiO3 NP concentrations from 0% to 30 wt%, as shown in Fig. 2d.
The P-E loop of the same BaTiO3 NP with non-piezoelectric matrix (20
wt% in polyurethane acrylate) was tested as a reference, shown in
Fig. S4. From the P-E loop, the coercive field, saturation polarization,
and residual polarization of the samples in each concentration can be
obtained. In Fig. 2d, from 0% to 20 wt% BaTiO3 NP concentration, the P-
E loop is symmetric, and it is a typical shape for ferroelectric material
under saturation field condition. However, the P-E loop of 30 wt%
BaTiO3 NP is consistently asymmetric, indicating the presence of large
amount of defects in the layer. Additionally, 0%, 10 wt%, and 20 wt%
samples are tested under an electric field of 240 V/pm. The 30 wt%
sample suffers from electrical breakdown when the electric field is larger
than 180 V/pm, which is also an indication of a large amount of defects
caused by higher amount of fillers or more interfacial defects between
the P(VDF-TrFE) matrix and the BaTiO3 NP reinforcement. Thus, 30 wt
% BaTiO3 NP is not considered in the following studies. It can also be
observed that the residual polarization and the saturation polarization
both increase with increasing BaTiO3 content, and the coercive field
decreases with increasing BaTiO3 NP content, which all show that the
piezoelectricity improves with increasing BaTiOs NP content. The P-E
loop result proves that the piezoelectricity of P(VDF-TrFE) improved by
the addition of piezoelectric BaTiO3 NPs. This improvement can be due
to several reasons. First, BaTiO3 NPs have a larger piezoelectric coeffi-
cient than P(VDF-TrFE). By compositing the two materials, the piezo-
electric properties are contributed from both phases and proved to be
better than the neat P(VDF-TrFE). As ceramic particles, the high
dielectric constant (~4000) [58] of BaTiO3 nanoparticles could
concentrate the electric field onto the surrounding P(VDF-TrFE) matrix
with low dielectric constant (~11) [59]. Another reason for the
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enhancement of piezoelectricity is the concentration of stress. By adding
BaTiOs NPs, the stiffness of the sample is enhanced and the fracture
strain decreases (Fig. S5), indicating the ability of the matrix to sustain
larger local stresses.

To characterize the energy harvesting performance of the PENG,
measurement was done with a printed square film sample (2 cm x 2 cm,
an effective area of 1 cm x 1 cm). The measurement setup and circuit are
shown in Fig. S6. The sample was fixed on the supporting stand with a
force sensor and pressed under 60 N force by a magnetic shaker with a
frequency of 5 Hz. The voltage output and current output under different
external resistance were tested, and the power output was calculated. As
shown in Fig. 3a, this device can generate a voltage of more than 6 V
under 60 N force exerted at a frequency of 5 Hz. The current density
under the same testing condition is 2 pA/cm?, shown in Fig. 3b. The
voltage and current density showed the good energy harvesting ability
of this device and confirmed the effectiveness of this material system
and poling process. The voltage and current output under different load
resistance are measured (Fig. 3c). The output voltage increases with the
load resistance and the output current density decreases with the load
resistance, which agrees with Ohm’s law. The power density is also
calculated by multiplying the voltage and the current density, and the
relationship between power density and the load resistance is plotted in
Fig. 3d. The largest power density 1.4 pW/cm? is obtained when the load
resistance is 107 Q for 20 wt% BaTiOs sample, which agrees with the
impedance matching principle according to the impedance measure-
ment results as shown in Fig. S7. Moreover, the output voltage at
different force (20 N, 40 N, and 60 N) and different frequencies (5 Hz,
10 Hz, 15 Hz) were measured for 0 wt%, 10 wt%, and 20 wt% BaTiO3
samples (Fig. 3e and f). The output voltage increases with increasing
force and frequency for all the samples. To demonstrate the charging
ability of the device, experiments were done to use the PENG to charge a
1 pF capacitor (Fig. 3g). By hand tapping, the capacitor can be fully
charged in 15 s. The device is also able to drive light emitting diodes
(LED). Supporting video 3 and Fig. 3h shows that 3 LEDs that were
connected in series can be powered by the PENG by hand tapping. The
cycling stability was tested by applying 60 N force at 5 Hz frequency to a
20 wt% BaTiO3 PENG device for 3000 times (Fig. S8). Only minor
variation occurred during the testing period, which indicates the per-
formance of the PENG is stable. The testing signals are proven to be from
piezoelectric effect rather than other sources as validated by the
following two experiments. In the first experiment, a non-poled 20 wt%
BaTiO3/P(VDF-TrFE) sample was measured under the same testing
conditions (60 N, 5 Hz). The voltage and current output shown in Fig. S9
were negligible compared to the poled sample, indicating the mea-
surement setup is efficient in preventing other source of signals and
verified that the results shown in this paper is from piezoelectric effect.
The second experiment is to reversely connect the measurement
component to the two electrodes of the sample (20 wt% BaTiO3/P(VDF-
TrFE), under 50 N, 5 Hz force). Due to the nature of piezoelectric effect,
the signal should also be inversed. The result was shown in Fig. S10,
proving that the signal totally comes from piezoelectric effect.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104676

After confirming the piezoelectricity and the energy harvesting
properties of the 3D printed PENG, the device structures are designed to
achieve high stretchability using kirigami strategy (Fig. 4a-f). The
standard typical stretching kirigami structure (Fig. 4a) is widely used to
make intrinsically flexible film highly stretchable by tilting the direction
of each repeating structure segment to partially perpendicular to the
stretching direction and make them bend in the stretching direction.
That means the structure must protrude out of plane during stretching,
making it not possible to operate or compress it from the normal di-
rection (Fig. 4d). Majority of the mechanical energy harvester uses the 3-
3 mode of energy generation, at which the pressure is applied in the
normal direction to the energy harvester, and the electric output from
the same direction is harvested. This is the most efficient way of energy
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Fig. 3. (a) Output voltage and (b) current density of printed 20 wt% BaTiO3 NP/P(VDF-TrFE) based piezoelectric energy harvester under 60 N force and 5 Hz
frequency with an effective area of 1 cm?. (©) Voltage and current density versus load resistance for 0 wt% to 20 wt% BaTiO3 NP/P(VDF-TrFE) samples. (d) Power
density versus load resistance. (e) Voltage output at different force (under 5 Hz frequency). (f) Voltage output at different frequency (under 60 N force). (g) PENG

charging a capacitor. (h) PENG powering 3 LEDs that are connected in series.

generation because the dss is usually higher than d3; and d;5. Energy
harvesting by pressing is also safer for the device compared to stretching
because it is more resistant to damage when subjected to pressing.

To overcome the limitation of the kirigami structure and to enable
the energy harvester in generating energy in 3-3 direction, modifications
were made based on the kirigami structure to impede protrusions out of
plane under stretching. Perpendicular cuttings were introduced on each
end of the long cutting without joining point, as shown in Fig. 4b. This
cutting manner, as the unit cell of a fractal cut structure, was well
studied and used for increasing the compliance of material [60]. In the
following discussion, we refer this structure to fractal-cut kirigami. Each
corner of the rectangles in fractal-cut kirigami plays a role as the rotation
centre so that the rectangles can rotate around the corners and the whole
structure can expand. Fig. 4c shows the structure specifically designed in
this work, termed as T-joint-cut. It has short cuttings that are in
perpendicular directions with the long cuttings and connected with the
long cuttings with joining points at the long ends. In this way, the overall
tilting and bending can be transformed into the minor bending at each
small joint, and other parts of the structure can rotate about the joint to
achieve high stretchability even when the whole structure except for the
small joints are confined into the original plane (Fig. 4e and f). Even the
joints may protrude slightly out under large stretching, the displacement
is minor and not affecting the functioning of the device. Fig. 4g and h
shows the top view and side view of the out-of-plane protrusion at the
joint area for the T-joint-cut kirigami under 45° opening of the cutting
by tilting around the joint. In this condition, the protrusion is only 2.6
mm, and when the cutting opens to 90°, the protrusion is 3.7 mm as
shown in Fig. 4i and j. In comparison, if the original kirigami structure is
confined into the original plane with only a minor displacement
allowed, it will lose most of its stretchability.

Finite element modelling (FEM) analysis was done with the three
structures to understand their behaviour under stretch when confined in

a plane, which is a similar condition to the working condition of a
wearable PENG. The three structures were designed with the same size
(10 cm x 10 cm), width of repeating unit (22 mm), distance between the
end of one cutting and the edge or another cutting (2 mm) and the width
of the cutting line (1 mm). In the FEM analysis, all the structures are
constrained with all degrees of freedom on the left surface and con-
strained with zero displacement in z-direction. The constraint in z-di-
rection is to limit the variable toonly the x displacement, which makes it
clear for comparing the behaviour of the three structures. 200 Pa pres-
sure was applied on the right surface of all the structures along + x di-
rection. With the same constraint and pressure applied to the three
models, the displacement is simulated by FE modelling and shown in
Fig. 4k-m. Comparing the displacement distribution and displacement of
the three structures, the typical kirigami structure has little displace-
ment under the pressure because this structure is not designed for in-
plane deformation. The fractal-cut kirigami is slightly better than the
typical kirigami because a set of joints are designed for in-plane rotation
but the force in y direction is absent for opening the small cuttings. In
this structure, only when the void is opened by the y-direction forces can
it achieve the rotation around the joints. The T-joint-cut structure has
the largest displacement that is 6.3 and 5.5 times of the displacement of
typical and the fractal-cut kirigami, respectively under the same force.
That is because the stretching can be effectively transferred to the joints
to cause the bending of the joints and the rotation of the rectangles.

In terms of the overall stretchability, the maximum strain highly
depends on the design of the structure such as the density of the cuts. To
compare the maximum stretchability among the three structures with
the same size and design parameters, calculations are done to show the
strain under maximum extension (S3, Fig. S7). Comparing the theoret-
ical maximum strain of the three structures, T-joint-cut structure
designed by this work has the largest value that is 1.63 times of fractal-
cut structure and 1.45 times of simple kirigami structure.
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Fig. 4. Three kirigami structures: (a) simple kirigami structure, (b) fractal-cut kirigami structure and (c) T-joint-cut kirigami structure. Schematic of different
stretching mode of (d) simple kirigami, (e) fractal-cut kirigami, and (f) T-joint-cut kirigami. Joint in T-joint-cut kirigami structure tilting 45° in (g) top view and (h)
front view. Joint in T-joint-cut structure tilting 90° in (i) top view and (j) front view. Displacement vector sum of (k) simple kirigami, (1) fractal-cut kirigami, (m) T-

joint-cut kirigami structure by FEM simulation.

From the FEM result and the maximum strain calculation, it can be
concluded that the modified stretching kirigami structure that is
designed in this work offers an innovative way to achieve the high
stretchability by designing the 2D structure of flexible materials without
protruding out of the plane. That can broaden the energy harvesting
modes of stretchable energy harvesters and enable easy fabrication
methods of high efficiency energy harvesters.

Since the stretchability is achieved by the rotation of rectangles
about the joints, the energy output that mainly comes from the rectangle
should not change after stretching. To prove this hypothesis, the voltage
output of one segment of T-joint-cut kirigami structure (Fig. 5a) was
mounted on the same shaker setup (Fig. 5b) and tested with different
strain under 60 N force and 5 Hz frequency. As shown in Fig. 5c, for
overall strain from 0% to 300%, no significant variation in voltage
output is observed and the open circuit voltage output are all around 6 V
which is consistent to the unstrained sample.

Taking the advantage of the steretchability and the compressibility,
we also demonstrated the energy harvesting of the all-printed T-joint-cut
structure PENG mounted on a wearable sock to allow conversion of the
foot stamping energy into electricity. At the same time, the electric
signal output can be used for sensing the gait information. Gait analysis
is important for the detection of diseases and healthcare monitoring
[61]. For example, nerve injury can cause the weakness of the foot and
ankle dorsiflexors, leading to slap gait or steppage gait that the front part
of the foot contacts the ground first followed by the heel [62]. For the
recognition and rehabilitation of the gait abnormality, robot-assisted
therapy is effective [63,64]. The wearable soft robotic device is an
emerging field, because of their improved safety and more comfortable
human-machine interface [65]. All the robotic gait rehabilitation device
requires sensing elements and the sensors that usually requires constant
power supply [66]. With the development of the Internet of Things (IoT)
and the wireless monitoring concepts, the energy supply and recharge
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Fig. 5. (a) Printed piezoelectric energy harvester with the structure of one repeating unit of T-joint-cut kirigami structure. (b) Printed piezoelectric energy harvester
mounted onto the shaker for measurement of voltage output. (c) Voltage output of printed T-joint-cut structure sample with overall strain of 0%, 100%, 200%
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Fig. 6. (a) Optical image of the all-printed PENG mounted on a sock without stretching and (b) with stretching. (c) Photo of the all-printed PENG mounted on the
heel of a sock wearing on a foot. (d) Photo of the foot stamping experiment on the printed PENG-mounted sock. (e) Schematic and voltage output of the printed
PENG-mounted sock under foot stamping with different frequency and (f) different stamping posture.
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requirements becomes a challenge. Different from other sensing sys-
tems, the self-powered PENG with gait sensing ability can solve the
energy supply problem. Yu et al. have reported a self-powered skin--
conformal piezoelectric-enhanced triboelectric nanogenerator that is
able to detect the gait and other human motions without power source
[67]. Adding the advantage of stretchable, our self-powered PENG is
desirable for textile based gait analysis application.

The device was mounted on a sock with a small amount of adhesive
(Fig. 6a). The designed kirigami structure with vertical short cuts en-
ables the in-plane stretching of the device on the stretchable sock textile
as ahown in Fig. 6b. Fig. 6¢ shows the wearable device mounted on the
sock being worn on a foot and Fig. 6d shows the voltage output mea-
surement from the device-mounted sock during foot stamping on the
heel. When foot stamping with the device-mounted sock occurs at
different frequencies, voltage signals with different frequencies and the
same peak characteristics can be collected (Fig. 6e, Fig. S12). In addi-
tion, different gait manners resulted in different peak characteristics.
The nature of the signal was verified in S4. As shown in Fig. 6f and
Supporting videos, in normal stamping, there is one positive peak and
two negative peaks (peak i — iii in Fig. 6f top). Peak i comes from the
pressure when the heel strikes on the ground. After the heel strike, the
weight center gradually transfers from the heel to the whole foot, which
causes the opposite direction voltage output. At the same time, the front
part of foot drops on the ground, causing a minor shaking of the heel part
that results in a small change in the pressure on the floor. The opposite
direction voltage output and the small change in pressure together forms
peak ii. Then, the weight center is transferred to the front foot and the
pressure at the heel reduces and this forms peak iii. When keeping (or
fixing) the toes on the ground and stamping with the heel only (Fig. 6f
bottom), there is one positive peak (peak i) and only one negative peak
(peak iv). The peak i is the same as that in the normal stamping figure,
and since there is no front foot dropping process, the reduce of pressure
on the heel is continuous without disturbance. Thus, only peak iv pre-
sents in the negative direction. The results proved that the printed T-
joint-cut PENG is able to detect different pace frequency as well as gait
posture, promising for the detection of slap gait and steppage gait caused
by neurological diseases.

3. Conclusions

In conclusion, this work uses an all-3D printing method to form a
stretchable kirigami structure PENG device, which provides a new way
for fabricating piezoelectric device with functional structures that can be
mounted into wearable textiles. Different from the widely used simple
kirigami structure for stretching, this work designed a structure that can
be pressed under large strain up to 300% without degradation in output
voltage. The open current voltage of the PENG is 6 V, and the short
circuit current is 2 pA/cm?. The maximum power density is measured to
be 1.4 pW/cm? when the load resistance is 107 Q. The device can be
mounted onto wearable textiles such as a sock to form an energy
harvester that harvests the foot stamping energy and to act as a self-
powered gait sensor. The T-joint-cut kirigami structure in this work
innovatively enables the kirigami structured PENG to be stretched
without severe out-of-plane deformation, which is crucial in the pressing
mode PENGs. Furthermore, incorporating 3D printable electrodes also
provides a facile way to fabricate an all-3D printed PENG, which sim-
plifies the fabrication process. This all-3D printed kirigami based PENG
can be applied as an energy harvester in wearable flexible and stretch-
able energy harvesting systems for self-powered electronic systems.

4. Material and methods
4.1. Materials and ink formation

BaTiO3 NPs (Nanostructured & Amorphous Materials, Inc.) with
diameter of around 200 nm and P(VDEF-TrFE) (70-30 wt %) powders
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(Piezotech Arkema Group) are used as piezoelectric materials in this
study. To form an ink for 3D printing, the P(VDF-TrFE) powder is dis-
solved into N, N-dimethylformamide (DMF, Sigma-Aldrich) by magnetic
stirring at 300 rpm at 70 °C for 3 h with a concentration of 150 mg/ml.
BaTiO3s NPs were added to the P(VDF-TrFE) in DMF solution accord-
ingly. The mixture was stirred for good dispersion and sonicated in a
bath sonicator (S60H, Elmasonic) for 30 min for deagglomeration of the
NPs. For the electrode ink formation, P(VDF-TrFE) is dissolved in methyl
ethyl ketone (MEK, Emplura) at the same concentration. Silver flakes
with weight ratio 2:1 to the P(VDF-TrFE) were added to the solution,
followed by stirring and a 30-min sonication.

4.2. 3D printing

The 3D models were built with the software Inventor 2018 (Auto-
desk, Inc.). 3D printing was performed using an extrusion 3D printer
System 30 M (Hyrel 3D, USA). This printer consists a printing head (SDS-
5 Extruder) that holds a 1 ml syringe and a moving platform with heater.
A piece of indium tin oxide (ITO) glass (Kaivo, ITO-P008) is put on the
top of the platform as printing substrate. For printing, the piezoelectric
ink is filled into the syringe with a needle that has a 0.26 mm inner
diameter. The printing parameters are set in the printer as shown in
Table 1. The build platform temperature was maintained at 70 °C for fast
evaporating the solvent and solidify the composite. Five layers of ink
was printed for a 40 pm thick sample. Then, the top electrode was
printed onto the piezoelectric layer. The printing speed was lowered
from 10 mm/s to 5 mm/s and the heating temperature is lowered to 50
°C. Two layers were printed for an electrode. After printing, the piezo-
electric sample was annealed at 120 °C for 2 h. Then, it was poled with
an amplifer/controller (Trek 610E H.V.) under 50 V/pm electric field
and at 100 °C. The bottom electrode was then printed on the sample with
the same printer and extruder. The printability was evaluated by
comparing the feature size in the digital model and the printed device in
Fig. S13.

4.3. Characterizations

The crystallographic phase of the materials was characterized by a
powder X-ray diffractometer (XRD, Shimadzu XRD 7000) and a Fourier-
transform infrared spectroscopy (FTIR, PerkinElmer Frontier). The
morphology of the materials and samples were characterized with a
field-emission scanning electron microscope (FESEM, JEOL 7600F). The
mechanical properties were tested by a mechanical tester (Instron 5567)
with tensile extension mode. The longitudinal mode piezoelectric coef-
ficient (ds3) of the samples were tested by a standard static piezoelectric
constant measuring instrument (Sinocera YE2730), and the energy
harvesting performances were evaluated by analysing the output signals
measured by a customized system including a function generator
(Sinocera YE 1311), a signal amplifier (Sinocera YE5878), a magnetic
shaker (Sinocera JZK-20), an oscilloscope (Tektronix MDO 3024), and a
low noise current preamplifier (Stanford Research System, Model
SR570). A force gauge was fixed on the shaker to measure the force that
exerted on the sample (Sinocera CY-YD-303). The impedance of the
samples was measured with a precision impedance analyser (Agilent
4294A). For the demonstration of gait analysis, the device was mounted
on a cotton ribbed sock with a clay adhesive (Faber-Castell Tack-It). This

Table 1

Experimental parameters of 3D printing.
Slicing parameters Conditions 3D printing parameters Conditions
Layer height (mm) 0.04 Nozzle diameter (mm) 0.26
Print speed (mm/s) 10 Pulses (nL/sec) 2.3
Extrusion width (mm) 0.5 Flow rate 1
Perimeter extrusion width 0.3 Heating bed temperature 70

(mm) [§9)
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study was approved by the Institutional Review Board (IRB) at Nanyang
Technological University (IRB-2017-08-038). Informed signed consent
was obtained from all the participants.

4.4. Simulation

Finite element analysis was performed to the 3D model using the
software Ansys 14.0 (ANSYS, Inc.). First, the 3D printing models built
with Autodesk Inventor were imported into Ansys. Element type
SOLID20 was considered and the models were divided into hexahe-
drons. The Young’s modulus and Poisson’s ratio were obtained from the
tensile testing experiment, respectively to be 13.16 MPa and 0.5. All the
structures were constrained with all degrees of freedom on the left
surface and constrained with zero displacement in z-direction. 200 Pa
pressure was applied on the right surface to all the structures along + x
direction.
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