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The rapid development of flexible and wearable electronics proposes the
persistent requirements of high-performance flexible batteries. Much pro-
gress has been achieved recently, but how to obtain remarkable flexibility

and high energy density simultaneously remains a great challenge. Here, a
facile and scalable approach to fabricate spine-like flexible lithium-ion bat-
teries is reported. A thick, rigid segment to store energy through winding the
electrodes corresponds to the vertebra of animals, while a thin, unwound,

and flexible part acts as marrow to interconnect all vertebra-like stacks
together, providing excellent flexibility for the whole battery. As the volume

of the rigid electrode part is significantly larger than the flexible interconnec-
tion, the energy density of such a flexible battery can be over 85% of that in
conventional packing. A nonoptimized flexible cell with an energy density of
242 Wh L' is demonstrated with packaging considered, which is 86.1% of a
standard prismatic cell using the same components. The cell also successfully
survives a harsh dynamic mechanical load test due to this rational bioinspired
design. Mechanical simulation results uncover the underlying mechanism:
the maximum strain in the reported design (=0.08%) is markedly smaller than
traditional stacked cells (=1.1%). This new approach offers great promise for
applications in flexible devices.

Flexible electronics have great promise for wide applications
including communication,!'~?l healthcare,*>
As an efficient power source for these flexible electronics, the

development of flexible batteries with high performance is  challenge.

crucial.''2% However, it is difficult to
obtain good flexibility and high energy
density in Dbatteries concurrently.?!-23]
In the past decades, considerable efforts
have been made to improve the flexi-
bility of lithium (Li)-ion batteries without
sacrificing their performance.?*?’1 For
example, single-layer and ultrathin bat-
teries have been reported with excellent
flexibility, however, the energy density is
largely compromised, especially when
packaging is considered.?!l Wire-shaped
batteries have attracted much atten-
tion recently because of the easiness
to be twisted, tied, and woven into fab-
rics, but the low mass loading of active
electrode materials limits their energy
density.21262930] To increase the energy
density of flexible batteries, the piling up
or combination of small size cell units
in series has been proposed to enable
them flexible via the gap between dif-
ferent units.?!! However, the complexity in
assembling these microbatteries not only
increases cost, but also reduces stability

and consistency, which limits its application. The scalable fabri-
I and sensors.®1%  cation of Li-ion batteries with high energy density and excellent
mechanical properties/flexibility simultaneously remains a big
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The animal spine is mechanically robust, highly flexible, and
distortable, as they contain soft marrow components to inter-
connect hard vertebra parts. Herein, inspired by the structure
of spine, we demonstrate a scalable approach to fabricate flex-
ible Li-ion batteries with high energy density (Figure 1a). As
shown in Figure 1b, the conventional anode/separator/cathode/
separator stack is cut into a long strip with multiple branches
extending out in the perpendicular direction. Then the strip
in each branch is wrapped around the backbone to form thick
stacks for storing energy, which corresponds to the vertebra
in the spine. The unwound part interconnects all vertebra-
like thick stacks together, which functions in a similar way as
the soft marrow, providing excellent flexibility for the whole
device. With such an integrated design, the cell energy den-
sity is only limited by the longitudinal percentage of vertebra-
like stacks compared to the whole length, which can be easily
over 90%. Therefore, such battery can have a high energy
density >85% of conventional prismatic cell, with extra redun-
dancy considered. Here, an unoptimized LiCoO,/graphite
spine-like flexible cell is fabricated with energy density of
242 Wh L7 including the package, which exhibits 86.1% of
its prismatic cell counterpart with the same mass loading and
packaging (see Supporting Information for more details). A
stable cycling of over 100 cycles with initial discharge capacity
of 151 mA h g! and retention of 94.3% is achieved, even with
various kinds of mechanical deformation applied. The cell also
survives a continuous dynamic mechanical load test, which was
rarely reported in previous literature. At 0.5 C, the discharge
capacity remains above 125 mA h g7! (1.59 mA h cm™) steadily
under continuous dynamic load. In addition to experiments,
numerical mechanical simulation is also carried out, which
further uncovered the underlying mechanism of the excel-
lent stability in our design. The largest strain on the intercon-
nected joints is only 0.08%, which is much smaller than that in
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prismatic cell (1.8%) and stacked pouch cell (1.1%). Therefore,
our spine-like design is much more mechanically robust com-
pared to conventional designs. We anticipate that this bioin-
spired, scalable method to fabricate flexible battery could open
new opportunities for the commercialization of flexible devices.

To evaluate the electromechanical performance of the
spine-like battery in different stress environments, a LiCoO,/
graphite full cell was deformed from flat to flexed and twisted
during cycling at 0.2 C (28 mA g!), and the discharge capacity
remained over 94.3% after 100 cycles with a stable Coulombic
efficiency above 99.9% (Figure 2a). The battery was first cycled in
a flat configuration (region I) for 50 cycles, and capacity decays
slowly from 151.4 to 144.8 mA h g™! (0.087% decay per cycle).
Then the cell was flexed 10 000 times into the bent configuration
with a bending diameter of 20 mm (I/II boundary) as Figure S3
in the Supporting Information shows, then cycled in static flexed
configuration (region II). Clearly the bending does not affect
the cell's performance. The discharge capacity immediately
after flexing is 146.5 mA h g}, and remains at 145.7 mA h g!
after 20 cycles, corresponding to only 0.027% loss per cycle.
Then the cell was returned to the relaxed configuration with a
steady cycling (region III). Subsequently, the battery was sub-
jected to 1000 torsional deformations of 90° (III/IV boundary)
followed by cycling at the static twisted state (Figure 2b). Again,
no apparent decay was observed for ten cycles (region IV). The
capacity fading rate in the twisted state is only 0.046% per cycle.
As the last step, the cell is returned to the relaxed configuration
with a steady cycling (region V). Such excellent cycling perfor-
mance demonstrates that static deformation has no effect on
the cycling performance of as-designed spine-like batteries. The
increase of capacity in the initial three cycles was likely to be a
result of electrolyte infiltration (Figure 2a).

Besides stable capacity upon cycling, the as-constructed
flexible battery also shows stable voltage profile no matter if

Hard components '.l

(Energy storage)

]
Interconnected

- L |

Soft components l

(Flexibility provider) I

1-Copper current collectors, 2-Graphite anode, 3/6-Separator, 4-Lithium cobaltate cathode,
5-Aluminum current collectors, 7-Polyethylene supporting film.

Figure 1. The schematic of the structure and the fabrication process of a spine-like battery. a) Schematic illustration of bioinspired design, the vertebrae
corresponds to thick stacks of electrodes and soft marrow corresponds to unwound part interconnects all the stacks. b) The process to fabricate the
spine-like battery, multilayers of electrodes were first cut into designed shape, then strips extending out were wound around the backbone to form
spine-like structure.
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Figure 2. The electrochemical performance of the spine-like battery in different stress conditions. a) Charge/discharge cycling test of the spine-like
battery in different configurations at 0.2 C (28 mA g™'). b) Optical images of the spine battery in the state of flat, flexed, and twisted. c) Galvanostatic
charge—discharge curves for the 3rd, 43th, 63th, and 83th cycles of the battery in different conditions. d) Scanning electron microscopy (SEM) images
of a LiCoO; cathode at the boundary of wound/unwound part (yellow line part of the optical image inset) after 100 electrochemical cycles. This region
undergoes largest strain during bending. e) The galvanostatic charge-discharge curve at the rate of 0.5 C in which the battery was continuously flexed

or twisted (the inset presents the voltage profile under continuous mechan
performance of the spine-like battery in which the current densities ranged

it is flexed or twisted, as illustrated in Figure 2c. No apparent
increase in overpotential is observed. Compared with noticeable
reports in the literature (Table 1),2520283233] this is the first time
a flexible battery has been reported with such high stability with
respect to a small bending diameter of 20 mm and a torsion
angle of 90°, to the best of our knowledge. After cycling, the bat-
tery is dissembled to examine the morphology change of elec-
trode materials. Compared to a pristine electrode (Figure S4,

Adv. Mater. 2018, 30, 1704947 1704947

ical deformation (flat, flexed, and twisted) of the battery at 0.5 Hz). f) Rate
from 0.5 to 3 C in the static flexed configuration.

Supporting Information), it was found that the LiCoO, (LCO)
electrode remained intact with no obvious cracking or peeling
from the aluminum foil (Figure 2d), confirming the mechan-
ical stability of our design. To further illustrate the flexibility of
our design, the cell was continuously flexed or twisted during
discharge, with a current of 0.5 C (70 mA g™') applied at a fre-
quency of 0.5 Hz. The level of bending and twisting was the
same as those in Figure 2b. As shown in Figure 2e, neither

(3 of 8) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Type of flexibility Electrode materials Specific capacity Energy density [Wh L™']  Capacity decay ~ Coulombic efficiency Ref.
(per ten cycles) (after stabilization)
Gravimetric [mA h g7'] Volumetric [mA h cm™)
Bendable LiCoO,/Li,TisOr, 128 3.30 7.59 7.7% 93.0% [25]
Bendable Ag/Zn 52.3 78.4 0.6% 99.0% [26]
Bendable LiCoO,/Li 0.579 2.20 0.9% 99.8% [28]
Bendable/ twistable  LiCoO,/Li,TisO1, 85.5 29.0 69.6 5.3% 99.8% 32]
Bendable LiMn,O,/Li 110 7.33 19.1 1.8% 98.5% 33]
Bendable/twistable LiCoO,/Graphite 151 63.9 242 0.6% 99.9% Our work

bending nor twisting interrupted the voltage curve, and the fluc-
tuation was smaller than 3 mV, indicating a change of imped-
ance less than 0.18 Q, much less than the pristine cell (Figure S5,
Supporting Information). The voltage profile is stable even
when the cell was continuously flexed and twisted during the
whole discharge (Figure S6, Supporting Information). The bat-
tery in the flexed state (bending diameter D = 20 mm) was also
cycled at higher current densities, and the capacity retention
reached 95.1%, 87.8%, and 84.3% of that at 0.5 C for 1, 2, and
3 C, respectively, demonstrating appealing power capability for
commercial applications.

As multiple-layer thick electrodes can be used in such
spine-like cell, high energy density close to commercial cells
can be achieved. The energy density of our unoptimized cell
is 242 Wh L' with packaging included. Such value is 86%
of the theoretical energy density based on components with
the same thickness and material loading. The specific energy
of the spine-like cell also reaches 96 Wh kg™ with packaging
included. The lower values compared with commercial Li-ion
cells mainly arise from thicker metal substrate, less mass
loading (1.8 vs 3-4 mA h cm™2), single-side electrode coating
instead of two sides, and heavier packaging. With further opti-
mization, we are confident to reach energy density and specific
energy ~85% of commercial Li-ion batteries.

Flexible batteries for wearable applications are likely to
undergo thousands of flexed cycles throughout their lifetime,
so mechanical endurance under repetitive mechanical load is
a basic requirement for practical applications, which is also
a key challenge for flexible batteries. Therefore, a dynamic
mechanical load experiment was performed to demonstrate
the mechanical endurance of our spine-like flexible battery. In
the experiment, the two ends of battery were bound onto two
actuators. One actuator was fixed while the other moved at a
speed of 3 mm s7' and traveled a distance of 30 mm. Thus,
the flexible cell shuttled between the flat state and the flexed
state with a bending diameter of 20 mm with a frequency of
once per 30 s (Figure 3a; Video S1, Supporting Information).
The optical images in Figure 3b present the battery at different
stages in the experiment. When cycled at 0.5 C,it is obvious that
the battery can still be continuously charged/discharged during
such deformation (Figure 3c, cycles 6-15; Video S2 in the Sup-
porting Information). At the start of continuous bending, the
discharge capacity is 129.5 mA h g™ (cycle 6), after a slight
decrease of 3.8 mA h g7! from cycles 6-10, the specific dis-
charge capacity is maintained steadily from 125.7 mA h g'! in
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the 10th cycle to 124.6 mA h g™! in the 15th cycle. Regarding to
voltage profile, when the cell underwent dynamic flexing, the
average discharge voltage decreased by 83 mV and the average
charge voltage increased by 88.8 mV, compared to the flat state
(cycle 8 vs cycle 3, Figure 3d). This indicates that the system
adjusted itself to accommodate strain in continuous bending in
the first several cycles (cycle 8 vs cycle 3). However, once several
cycles are done under continuous bending, no further degrada-
tion in voltage profile was observed, no matter whether the cell
is bent or flat (cycle 8 vs cycle 18). Such stability under dynamic
bending suggests that at least most active electrode materials
did not lose contact with the current collectors in this process.
In comparison, we also tested the electrochemical performance
of prismatic and stacked cell with the same size in the dynamic
flexing configuration, as shown in Figure 3e and Figure S12
(Supporting Information), respectively. The voltage curves of
prismatic and stacked cells exhibit tremendous drop (=0.5 V)
because of unstable contacts between electrode and current col-
lector during the dynamic flexing.

To further demonstrate its practical applications, a fully
charged spine-like battery with a weight of 4.86 g and capacity
0f 123.53 mA h was used to power a light-emitting diode (LED)
light and a smart watch (Figure 4a,b; Videos S3,S4, Supporting
Information). The LED and watch maintained good function-
ality even when the battery was flexed and twisted, suggesting
our design is compatible with commercial needs in flexible
electronics.

To understand the excellent flexibility of our design, mechan-
ical analysis was carried out. Qualitatively, the spine-like struc-
ture consisting of thick stacks and thin interconnect elements
suggests very low effective bending stiffness (Figure 5a),
and we analytically evaluated its effective bending stiffness by
calculating the spring constant per unit width k of the whole
battery as a cantilever (details in the Supporting Information).
A smaller k indicates higher flexibility. Figure 5b shows that
k/ky decreases exponentially with increasing length fraction x
of the marrow-like thin interconnects, where k; is the bending
stiffness of thick electrode stacks (vertebra part). Thus, even
a small x (e.g., =0.1) can allow high flexibility of the spine-
like structure, compared with stacked or prismatic structures
(morphology shown in Figure S7 in the Supporting Informa-
tion). Meanwhile, such small x sacrifices little on energy den-
sity at the cell level. To further compare the flexibility of our
spine-like structure over the other two conventional designs,
we quantified the strain distributions of the three structures

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. The dynamic mechanical load test. a) The schematic of the custom-made flexing apparatus. b) Optical images of the battery in the different
state during the dynamic mechanical load test. c) The cycling performance of a spine-like battery in different configurations under repetitive mechanical
load test. d) Galvanostatic charge—discharge curves for 3rd, 8th, and 18th cycles of the spine-like cell. €) The voltage profile of the prismatic cell under
flexed condition at discharge rate of 0.5 C. The battery dimensions are the same with spine-like cell.

wrapped on a human wrist by finite element simulations.
It is evident in Figure 5c that the maximum strain of spine-
like structure is only 0.08%, negligible compared with those
in prismatic (1.8%) and stacked (1.1%) structures. For com-
parison, the yield strain of Al foils and Cu foils are 0.47%
and 0.73%, respectively (Figure S9, Supporting Information).
Therefore, our design is well within the elastic regime of metal
substrates, while conventional designs approach or go beyond
the elastic limit of Al. Such results echo well with both optical
and scanning electron microscopy (SEM) images in Figures S4
and S8 (Supporting Information) that cracks occur in the two
conventional designs but not our spine-like battery subjected
to bending cycles. In the spine-like design, the strain concen-
trates at the boundary of marrow and vertebra (see Figure S10
in the Supporting Information). Similarly, torsion up to 90°
only results in maximum strain of 0.04%, which occurs in the
thin marrow part shown in Figure 5d. Besides the robustness

Adv. Mater. 2018, 30, 1704947
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of bending and torsion in the spine-like battery, the Young's
modulus and the tensile strength are also important for prac-
tical application. The stress—strain response of the spine-like
cell is shown in Figure S11 (Supporting Information), which
illustrates the tensile strength of 80 and 115 Mpa, respectively,
consistent with results in bare aluminum and copper foil
(Figure S8, Supporting Information). Simulations and experi-
ments above demonstrate that the rational design of spine-like
structure is critical to the high flexibility of our cells, and it is
well suitable for flexible devices (see the Supporting Informa-
tion for more details).

In summary, we have demonstrated a facile and scalable
method to fabricate spine-like Li-ion batteries with remarkable
flexibility, mechanical stability, and electrochemical perfor-
mance. The as-designed structure shows excellent stability upon
flat, flexed, and twisted configuration. Moreover, the energy
density can be over 85% of conventional prismatic or stack

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. The applications of spine-like batteries to charge LED and smart watch. a) Powering an LED diode. b) Powering a smart watch with the
battery in flat, flexed, and twisted configurations. The different content on the screen in three states is due to the continuous operation of the smart
watch accompanied with continuous deformation of the battery. The original battery (weight: 5.27 g, capacity: 300 mA h) is put on the left of the panel.

pouch cells. A capacity retention over 94.3% after 100 cycles  output and cycling performance during continuous dynamic
is achieved at 0.2 C even with flexing to a diameter of 20 mm  mechanical load tests. Numerical simulation results confirm that
and twisting angle to 90°. The cell also remained stable power  the spine-like structure sustained smaller strain (=0.08%) com-
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Figure 5. Simulation results of the spine-like battery. a) Schematic of the spine-like design. The thick stacks and soft interconnects are marked in blue
and red, respectively. The dashed box highlights the structural element with the length fraction of soft interconnect x. b) The relative effective bending
stiffness k/kg as a function of the fraction x; ko represents the bending stiffness for the structure with only thick stacks. c) Finite element results of the
maximum principle strain of the spine-like, prismatic, and stacked structures subjected to bend on a cylinder with elliptical cross-section (a = 3.2 cm,
b =1.8 cm), similar to the geometry of human wrist. d) Finite element results of the maximum principle strain of the spine-like structure subjected to
torsion with twisting angle of 90°.
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pared with prismatic cell (1.8%). The excellent electrochemical
and mechanical properties of our design are promising for
wide applications in flexible and wearable electronics.

Experimental Section

Battery Fabrication: Commercially obtained LiCoO, (MTI Corp.) and
graphite (MTI Corp.) were utilized as cathode and anode materials.
The LCO and graphite electrodes were prepared by coating slurries
that mixed active electrodes with carbon black (Timcal Super C45) and
polyvinylidene fluoride (PVDF) (Kynar HSV900) (8:1:1 wt/wt/wt) on
the aluminum and copper foil, respectively. The electrodes were then
dried in a vacuum oven at 120 °C for 8 h. After drying, the electrodes
and separator (Celgard 2500) were cut into the designed geometry. A
piece of polyethylene foil (65 um) was placed on top of the backbone
part, to reduce stress at the folding edge. Then, the electrodes were
assembled in the aluminized polyethylene (Sigma-Aldrich) package in an
argon-filled glovebox (O, < 0.1 ppm, H,0 < 0.1 ppm) using 1 m LiPFg
in the ethylene carbonate/diethyl carbonate (1:1 vol/vol) (BASF Corp.)
as electrolyte. Then a customized high-temperature vacuum sealer was
used to seal the aluminized polyethylene packaging material. This sealer
offers a strong vacuum environment and good internal pressure to the
components of the pouch. The length of the obtained 0623 spine-like
cell was 69 mm and the length of each hard component was 5 mm,
the interconnected space between hard components was 1 mm (more
details in Figure S1 in the Supporting Information).

Electrochemical Tests: The spine-like LiCoO,/graphite batteries were
subjected to charging to 4.2 V first and potentiostatic hold at 4.2 V was
added until the current density decreased to 0.05 C to ensure the full
charge of LCO, the cut off voltage of discharge was 2.8 V. Full cells were
tested using the battery analyzers of Landt Instruments (Model: CT 2001)
and the Bio-logic SAS (Model: VMP3).

Characterization: The morphology of the electrodes was observed
with an SEM (ZEISS Sigma VP). Mechanical strain stress curve was
conducted along the in-plane direction with a model 5948 MicroTester
Instron instrument.

Simulation: The bending and twisting deformation of the spine-
like battery, prismatic and stacked battery, were simulated using 3D
nonlinear finite element method, implemented in the commercial
software  ABAQUS. In all cases, four-node quadrilateral stress/
displacement shell elements (S4R) with reduced integration were used
and the mesh density was verified by mesh convergence studies. For
simplicity, linear isotropic elasticity was adopted for the battery structure
with the effective modulus and Poisson ratio-based experimental
parameters. The simply supported boundaries were adopted at the ends
of structures and the cylinder was fixed.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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