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ARTICLE INFO ABSTRACT

Flexible and stretchable electronics, also known as e-skin, have been a technology to create diversified sensors
and wearable devices. Implantable bioelectronics have recently been recognized as a promising research field to
e-Skin modulate biological signals and treat many diseases and pathological conditions. The marriage of two
Implantable bioelectronics technologies gives us a new cutting-edge research area, i.e., implantable flexible electronics. While strain
Neura,l mte_rface . sensors, ECG sensors, pH sensors, temperature sensors and LED chips have been integrated together as a novel
Selective stimulation . . . . s . .
Triboelectric nanogenerator (TENG) plal.tform for measuring Rhysmloglcal signals, one of critical challenges. for long—te?m use of suc}} devices isa

reliable power source with sound output power. To support operation of the implantable bioelectronics,
triboelectric nanogenerators (TENGs) have recently been explored, as a promising technology to harvest energy,
as the concept of scavenging human body energy into useful electrical power.

In this work, we investigate stacked TENGs with output voltage of 160 V., and a short circuit current of
6.7 pA as a potential power source for neural stimulation using flexible and adjustable neural interfaces. To
advance a generic design of flexible neural interfaces which is good at sciatic nerve recording and stimulation,
we optimize a new flexible sling electrode and successfully achieve neural signal recording with different
amplitudes and latencies. More importantly, successful selective stimulation achieved in this work proves that
the flexible sling electrode is a good generic neural interface. We demonstrate direct stimulation of a sciatic
nerve and a common peroneal nerve in rats by the TENGs connected with the suggested interface and a pair of
Pt/Ir wires, respectively, while monitoring muscle signals. The muscle contraction can be controlled by the
operation of the TENGs. This prove-concept result indicates that this technology could be the way of realizing
battery-free wearable neuromodulators in the future.

Keywords:
Flexible electronics

1. Introduction

Implantable bioelectronics have recently emerged as a powerful
way to monitor biological signals and treat diseases such as pace-
makers, deep brain stimulators, and neuromodulators [1-3]. The
enormous progress attributed to the development of flexible/stretch-
able electronics, which enables the integration of various kinds of bio-
sensors, actuators and energy storage elements, has opened up a new
research field [4—-8]. Meanwhile, using e-skin technology to craft soft
and stretchable implantable/wearable medical devices, it has also

provided a better interface to the human organs, blood vessels and
neural branches. By using these flexible implantable bioelectronics to
achieve more sensitive and accurate bio-signal recording and stimula-
tion, we have new ways of enabling electroceuticals [9-11]. One of
critical challenges for long-term use of such devices is a reliable power
source with sound output power. Some feasible solutions have been
investigated including external energy sources, which are out of body
and provides energy to the devices via wired [3] and wireless [12—14]
communication, and implantable batteries that normally require
recharge or replacement [15,16]. The concept of scavenging human
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body energy into useful electrical power by various mechanisms has
been explored as an alternative way to support operation of such
implantable bioelectronics. For example, thermal energy from the body
heat by thermoelectric device [17-21], mechanical energy from arterial
dilation and contraction by piezoelectric device [22-25], and muscle
contraction by electromagnetic device [26] have been reported. Among
the devices of mechanical energy harvesting, triboelectric nanogenera-
tors (TENGs) have recently been proposed as a promising technology
[27-38]. The TENGs work on the principle of contact electrification
[39-41] between two materials coupled with electrostatic induction
providing advantages of lower cost, a wider range of material choice
(flexible and biocompatible materials) [42—44], easy fabrication, and
high power output by stacking of multiple layers [45,46] as compared
to other energy generators. Recently, some in vivo demonstrations of
energy harvesting from heart beat [47-49] and muscle contraction [50]
showed the possibility of using the TENGs as an implantable power
source. Moreover, biodegradable TENGs were studied totally eliminat-
ing the concern of post-surgery for the extraction of the device [51].
Without looking into physiological basis and relationship between
various muscle bundles and a sciatic nerve, Zhang et al. demonstrated
strokes of a separated frog leg attached with a microneedle electrode
array (MEA) on the sciatic nerve which was biased by a TENG [52].
Although the MEA used in this work is relatively invasive to nerves as
well as the design is not good for long-term use and selective
stimulation for activation of different muscles in a control manner, it
opens an attractive research direction of TENGs for direct stimulation
of a peripheral nerve.

On the other hand, the central nervous system (CNS) and periph-
eral nervous system (PNS) send and receive bio-signals from different
parts of the body to coordinate body's voluntary and involuntary
actions. Thus, continuous monitoring of bio-potentials generated from
the nervous system is critically important in healthcare and can help
clinicians to diagnose and even treat diseases such as epilepsy, heart
disease (arrhythmia and hypertension), and Parkinson's. The e-skin
technology has opened a new research filed of using ultrathin, flexible
and stretchable electronics to measure bio-signals and other electrical,
mechanical, and optical information such as impedance, strain and
pressure, etc [53—60]. High density and multiplexed electrode arrays
consisted of active circuitry have been demonstrated to conformally
contact the surface of the cortex and to record sleep spindles, visual
evoked responses, and micro/macro seizures in living animal models
[61,62]. In peripheral nerves, flexible MEA have enabled the imple-
mentation of penetrating interfaces with fascicular and sub-fascicular
selectivity. Intra-fascicular interfaces are inserted transversally or
longitudinally regarding the long axis of the sciatic nerve. Neural cuffs
are tubular devices placed around the epineurium of a whole nerve and
have electrodes on their inner surface. The conceptual drawings of
these neural electrodes are shown in Fig. 1, such as extra-neural (cuff
and FINE) (Fig. 1a) [63—-66], penetrating (USEA) (Fig. 1b) [67-69],
intra-fascicular (LIFE and TIME) (Fig. 1c) [70-72], and regenerative
electrodes [73-76]. Among these four types of electrodes, extra-neural
electrodes have been most broadly used for clinical applications thanks
to their non-invasive approach and easy implantation. However, the
use of extra-neural cuff electrodes typically carries a high risk of
damaging the nerve if the inner walls are too close to the nerve. A flat
interface nerve electrode (FINE) as an advanced version of the cuff
interface was studied in recording of human median and ulnar nerves
[66] as well as stimulation of human tibial and common peroneal nerve
to activate important muscles for neuroprosthesis [77]. Adaptive
flexible ribbon electrodes capable of electroneurogram (ENG) record-
ings on specific small branches of a sciatic nerve were recently
demonstrated by achieving close contact with nerve surfaces without
applying too much pressure to the nerve [78,79]. Approaching such
small nerves will reduce the number of contacts required as well as
enhance selectivity of recording or stimulation. In particular, the
common peroneal nerve primarily innervates ankle dorsiflexors, such

Nano Energy 33 (2017) 1-11

as tibialis anterior, extensor digitorum longus, extensor hallucis longus,
and ankle evertors [77]. Also, it may be useful in direct physiotherapy
of the drop foot [80]. However, application of the neural ribbon
electrodes meets some constrains during the implantation. They have
to be wrapped around a nerve in surgical implantation, which some-
times is not feasible within limited space (Fig. 1d). This may not always
be possible if space is limited. In addition, it is difficult to handle the
active electrodes upon the nerve and to control the position of the
electrodes on the nerve for selective stimulation or optimal recording
[78,79]. Chronic high-quality neural recording may also be challenging
due to the lack of tripolar or bipolar configurations for this design. For
clinical neuromodulation applications, reliable neural interfaces closely
attached to nerves without causing damage should provide selective
stimulation or recording of nerves. Moreover, such TENGs as an
alternative energy source should provide electric charge to a nerve
for reliable activation of targeted muscles.

With the development demonstrated so far, we demonstrate a
developed and optimized TENG as a potential power source to neural
interfaces based on flexible electronics technology. Also, we demon-
strate a flexible and adjustable neural interface for selective nerve
recording and stimulation with good electrical contact but minimal
pressure on rat sciatic nerves. Towards next step of clinical applica-
tions, we demonstrate direct stimulation using TENGs combined with
neural interfaces on sciatic nerves and sciatic nerve branches, i.e., a
common peroneal (CP) nerve in rats to activate tibialis anterior (TA)
muscle.

2. System and device configuration, and working mechanism

Fig. 1e—i shows the schematic diagram of conceptual system using
TENGs and neural interfaces for neuromodulation. The TENGs, driven
by muscle movement from human body (Fig. 1e—f), generate electrical
energy and transfer the energy to a CP nerve by neural interfaces
(Fig. 1g—h) to activate the TA muscle (Fig. 1i). Direct stimulation of low
frequency, generated by the muscle movement, may benefit simple and
natural activation of targeted muscles more than stimulation by the
other external sources that require additional components (coils and
circuits etc.) and complicated procedures.

We deploy TENGs with multilayer stacked design to provide high
current in experiments (Fig. 1f). The detailed fabrication process of the
multilayer stacked TENG are described in the Supplementary material
(Fig. Sla—c). For mechanical support, a PET sheet is used for zigzag-
shaped structure. This structure can provide both the space for
assembly of the multilayer stacked TENG and the recovery force when
the press is released. After folding the PET into the zigzag shape, the Cu
films are attached on two pairs of contact layers. PDMS layers with
micro-pyramid patterns are assembled on the bottom Cu electrode for
each pair of the layer. To optimize confinement height, PET films with
different lengths are applied to encompass the stacked TENG device.

The neural interfaces are fabricated using microelectromechanical
system (MEMS) technology. It consists of two layers of flexible
polyimide with gold sandwiched in between in a sling-shape geometry.
The detailed fabrication procedures are described in the
Supplementary material (Fig. S1d-h).

The working mechanism of the TENG is depicted in Fig. S2. When
the device is pressed, all layers contact with each other leading to
triboelectric surface charge generation on the patterned PDMS and the
top copper films (Fig. S2b). After the force is removed, the potential
increment at the top electrode with respect to the bottom electrode
leads to current flow from the top electrode to the bottom electrode
while releasing the device (Fig. S2c¢). When the device is completely
released, all the triboelectric layers reach in electrostatic equilibrium
(Fig. S2d). The reduction of the potential at the two electrodes drives
the current flows in the opposite direction when the stacked device is
pressed again (Fig. S2e). After the second contact, one cycle of the
power generation is completed and another cycle continues. The
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Fig. 1. Schematic diagram of the conceptual system using flexible neural interfaces and triboelectric nanogenerators (TENGs). Schematic diagram of (a) extra-neural, (b) penetrating,
(c) intra-fascicular, and (d) flexible ribbon electrode [72]. (e) Schematic diagram of the conceptual system using a flexible sling interface and a TENG in human. (f) Schematic diagram of
the TENG in a compressed state and a released state. (g) The generated current by the TENG. (h) Schematic diagram of the flexible and adjustable sling interface and (i) leg contraction
with compound muscle action potential (CMAP) recordings of tibialis anterior (TA) and gastrocnemius medialis (GM) muscles.

detailed working mechanism of the TENGs can be found in the
Supplementary material (Fig. S2).

3. In vitro characterization of triboelectric nanogenerators
(TENGSs)

To study the effect of the stacked multiple layers on overall device
performance, various parameters, such as electrical connections, the
number of stacked layers, the frequency of applied force and the
confinement length, were studied. Thereafter, we demonstrated bio-
mechanical energy harvesting using human hand and heel strike for
practical applications.

An oscilloscope (DSOX3034 A, Agilent Technologies) with a probe
(100 MQ) was used to measure voltages of the device. For current
measurements, low noise current preamplifier (SR570, Stanford
Research Systems) was connected to the oscilloscope to measure the
current in the form of voltage signal. The power characteristic
measurement of the stacked TENGs was conducted by connecting load
resistances in series across the device and measured the voltage across
the resistor. The measured voltage was then used to calculate the power
dissipation in the load resistor.

To demonstrate the configuration of electrical connection among
the layers, we compared the output voltage and current of 5 stacked-
layers connected in parallel and series, respectively. A probe with

100 MQ load resistance was used for the voltage measurement. A
detailed theoretical analysis can be found in the Supplementary
material (Figs. S3 and S4).

The voltage output is shown in Fig. 2a and d for the parallel and the
series configurations, respectively. The voltage (connected the probe of
100 MQ load resistance) of the parallel configuration was 68 V, which
is slightly lower than that of the series configuration which was 76 V.
The estimated open circuit voltage for series connection was 192.2' V
and for parallel connection was 76.8 V. The connection in series can
provide much higher open circuit voltage than that of connection in
parallel. However, the short circuit currents of the parallel configura-
tion was 1.9 pA which is much higher than that of the series
configuration, 0.8 pA, as shown in Fig. 2b and e. This result indicates
that the parallel electrical connection is suitable for improving higher
current output whereas the series connection in same polarity leads to
increase in peak output voltage. It is noticeable that the voltage signals
of the series configuration are asymmetric showing that the positive
peaks are much higher than the negatives peaks. This phenomenon is
induced by inner impedance change of the series configuration while
separation process of the layers. The positive peaks are generated when
the device is fully compressed while the negative peaks are generated
when all the triboelectric pairs separate from each other. During this
separation process, the total inner impedance immediately becomes
very large once the first pair separates, which is very close to open
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Fig. 2. Effect of electrical connections on stacked device with 5 layers. (a) Output voltage, (b) short circuit current, and (c) voltage and power characteristics for layers connected in

parallel configuration; (d) output voltage (e) short circuit current and (f) voltage and po

circuit. Then, the resistance of the probe become much smaller than the
inner impedance and only a small portion of the voltage can be
measured. That is why the negative peaks will be much smaller than
the positive peaks. Whereas, for the parallel configuration, the total
inner impedance of the device will not significantly increase until all
the triboelectric pairs separate from each other. Thus the charge
transfer process will not be affected greatly.

Thereafter, the voltage and power characteristics were measured
depending on different values of load resistances. Fig. 2c and f show the
power and voltage characteristics of the 5 layer stacked device. The
peak power of the layers connected in the parallel was 51.8 uyW at the
load resistance of 15 MQ (the 100 MQ probe connect in parallel with
measured load resistance of 13 MQ). For the layers connected in the
series configuration, the maximum power was 59.8 yW at the load
resistance of 239 MQ (the 100 MQ probe connect in parallel measured
load resistance of 70.5 MQ). Even though the maximum powers of the
two configurations show the similar level, the decrement of the
maximum power in series configuration is significant when the load
resistance value is reduced. It demonstrates that the parallel config-
uration is suitable for neural stimulation since the impedance between
a sensing electrode of neural interfaces and a sciatic nerve is typically
degree of kQ. We used the parallel configuration for the rest of
characterizations.

We demonstrated the effect of the number of layer, frequency, and
confinement length to optimize the performance of the device. Firstly,
we increased the number of stacked layers at a fixed frequency of 4 Hz
and a fixed confinement of 4 cm to demonstrate corresponding change
in the output voltage and short circuit current. The peak output voltage
remains almost constant (Fig. 3a) whereas the short circuit current
increases linearly from 0.3pA to 1.7 pA as the number of the layers
increase from 1 to 5 (Fig. 3b), respectively. Then the 5 layered multi-
stacked device was tested at different frequency of the applied force at a
confinement distance of 4 cm as shown in Fig. 3c and d. Both the
voltage and the current increase proportional to the frequency, which
can be explained by the increased impact force as the frequency of

wer characteristics for layers connected in series configuration.

applied force increases [81]. As for the equal level of force, the surface
charge generated is same, the decrease in time interval between
repeated impacts leads to higher output voltage and current. Detailed
signal samples can be found in the Supplementary material (Fig. S5).
Since a larger separation distance results in higher triboelectric output,
only characterizing the relation between the confinement length and
triboelectric output is not very meaningful. Here we made a compar-
ison between devices with 5 stacked layer and 15 stacked layer in the
same condition to know how to achieve higher output with a fixed
volume. The output voltage and current of 5 stacked layer and 15
stacked layer devices are shown in Fig. 3e and g, respectively. It was
observed that for smaller values of confinement lengths, both the peak
output voltage and short circuit current increased but started saturat-
ing after a confinement length value of 3 cm for 5-layer device and 4 cm
for 15-layer device, respectively. Compared with the 15-layer device,
the 5-layer device had a slightly higher output voltage but a much lower
current. The higher voltage of the 5-layer device can be attributed to
the larger spacer assigned to each triboelectric pair when the total
confinement length is the same for both the 5-layer device and the 15-
layer device. Because the total output voltage is mainly determined by
the output of an individual layer that is affected by the separation
length. Then, we fixed the confinement length of 4 mm and force
frequency of 2 Hz for both device and characterized the maximum
output power and inner impedance. As can be seen in Fig. 3f and h,
because of the parallel configuration, compared with the 5-layer device,
the 15-layer device can provide a higher output power and much lower
inner impedance while the output voltage at 100 MQ load keeps also
constant, which is in accordance with the theoretical model discussed
in the Supplementary material (Figs. S3 and S4). All the detailed signal
sample of characterization can be found in the Supplementary material
(Fig. S5). A practical demonstration of energy harvesting using the 5-
layer device by hand clapping and heel strike can be found in the
Supplementary material (Fig. S6).
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Fig. 3. (a) Peak output voltage (measured with a 100 MQ probe) for different device layers at 4 Hz; (b) peak short circuit current for different device layers at 4 Hz; (c) peak output
voltage (measured with a 100 MQ probe) for different frequencies for 5 layered device; (d) peak short circuit current for different frequencies for 5 layered device; (e) variation of peak
voltage and short circuit current with different confinement lengths for 5 layered device; (f) output voltage and power with different load resistance for 5 layered device with 4 cm
confinement length at 2 Hz; (g) variation of peak voltage and short circuit current with different confinement lengths for 15 layered device; (h) output voltage and power with different

load resistance for 15 layered device with 4 cm confinement length at 2 Hz.

4. Selective recording and stimulation using flexible neural
interface

4.1. Device design
The flexible and adjustable sling electrodes have six active electro-

des (each 100 um diameter) on a central bridge and two ring electrodes
that surround the nerve on two neighboring bridges (Fig. 4a). The three

bridges are angled so that it allows the active electrodes to be helically
implanted around a nerve while keeping a distance of 3 mm between
the rings and the active electrodes (yellow arrows in Fig. 4a). This
enables the electrode to reduce the pressure applied on the nerve
surface while making good contact. Also, it allows a mixed tripole,
where two rings acting as reference electrodes are shorted together, to
perform better than other recording configurations in terms of high
SNR [82]. In addition, this design allows us to set transverse or
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Fig. 4. (a) Picture of a fabricated sling electrode and (b) picture of the implanted flexible sling electrode on a rat sciatic nerve. The results of selective stimulation on rat sciatic nerves
depending on different configuration. (c) Schematic diagram of the longitudinal tripolar configuration, (d) compound muscle action potentials (CMAPs), and (e) normalized CMAP with
corresponding to selectivity depending on stimulation currents. (f) Schematic diagram of the transverse configuration, (g) CMAP, and (h) normalized CMAP with corresponding to

selectivity depending on stimulation currents.

longitudinal tripolar configurations for selective stimulation. Fig. 1h
(bottom) shows how the sling electrodes were implanted on the sciatic
nerve, in a manner analogous to hanging a nerve in a sling.
Furthermore, several suturing holes on the body of the electrode
(yellow circles in Fig. 4a) enable surgeons to suture the appropriate
holes together with surgical thread to fit various sizes of nerves

(diameter: 0.7-1.2 mm). Thus, it can easily be used on nerves with
slightly different sizes. In contrast, for cuff-type electrodes, the inner
diameter of a nerve cuff has to be closely matched to the size of the
nerve, so different cuff electrodes have to be prepared for nerves with
slightly different sizes.

To enhance the performance of the electrochemical interface, the
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fabricated electrodes were subsequently coated with platinum (Pt)
black, which has been commonly used for neural recording and
stimulation [83—-85]. The detailed electrochemical characterization is
also described in the Supplementary material (Fig. S7). The prepared
Pt-coated electrodes were then implanted on sciatic nerves in rats for in
vivo tests (Note 1 in the Supplementary material).

4.2. Neural recording of evoked CNAPs on sciatic nerves

For selective recording experiments, compound neural action
potentials (CNAPs) from the main sciatic nerve were partially evoked
by stimulating the CP nerve branch of the sciatic nerve (Fig. 1h, top).
The evoked CNAPs were, then, individually recorded through the six
active contacts (Fig. S8). Fig. S8¢ shows the mean and standard error
(n=50) of the latency of the peaks from each of the six electrodes when
stimulated with a current amplitude of 1.2 mA. The latency of the peak
of the CNAP is important since it provides an estimation of the nerve
conduction velocity (NCV). The mean latency for E#1 was 0.26 ms,
while that for E#6 was 0.3 ms. This indicates that the six sensing
electrodes made good contact with the nerve since the contacts were
positioned helically around the main trunk where E#1 was closer to the
stimulation site while E#6 was further away from the stimulation site.
Since the distance between two electrodes (E#1 and #6) was 1.3 mm,
NCV was 32.5 m s~ (Note 2 in the Supplementary material). Also, the
NCV matches well with the established NCV of the fastest fibers in rat
sciatic nerve from literature [86—88]. Fig. S8d illustrates the mean and
standard error (n=50) of the recorded amplitudes on different elec-
trode contracts under stimulation currents of 1.2 mA. The recorded
amplitudes on E#1 were the largest, while those of E#4 were the
lowest. The results indicate that the location of the CP nerve inside the
sciatic nerve was closer to E#1 than E#4. The maximum difference
between E#1 and E#4 was 48% when stimulated with 0.4 mA. The
difference decreased with increasing current amplitudes until 32% with
1.2 mA. The difference did not change beyond that. This may be due to
the fact that the larger stimulation current amplitudes fully activated all
the nerve fibers in the CP nerve. Our results demonstrated that all six
recording electrodes positioned around the nerve were able to record
CNAPs successfully.

4.3. Selective stimulation on sciatic nerves

To investigate the ability of the sling electrodes to perform selective
stimulation, we positioned the sling electrode around the sciatic nerve
while recording compound muscle action potentials (CMAPs) from the
gastrocnemius medialis (GM) and tibialis anterior (TA) muscles. As
shown in Fig. S9a, the difference in the activation of TA-GM on E#1
was 20.5% at 2.6 mA, indicating that the TA muscle was stimulated
more than the GM muscle under this condition. The difference on E#3
was negligible, meaning that the GM and TM muscles were activated
together across the different stimulation intensities (Fig. S9b). The
difference on E#5 was —14.3 to —16.9% when stimulated with current
amplitudes in the range of 2.2-2.4 mA, demonstrating that the GM
muscle was stimulated more than the TA muscles under this condition
(Fig. S9c¢). The results demonstrate that the TA muscle can be activated
more strongly through E#1 than E#3 or #E5. This matches up with the
recording results discussed earlier in that stimulation of the CP nerve
(which controls the TA muscle [77]) resulted in the largest amplitudes
on E#1. Thus, it is not surprising that stimulation on E#1 resulted in
larger activation of the TA muscle.

We also explored stimulation using the transverse configuration in
order to compare with the longitudinal tripolar configuration for the
sling electrodes. E#1 and E#2 were selected for the transverse
stimulation since E#1 showed the highest selectivity (Fig. 4c—h). The
CMAPs measured from the GM and TA muscles are plotted against
stimulation current amplitudes in Fig. 4d and g. In addition, the
normalized CMAPs from the GM and TA muscles, as well as the
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difference between the normalized CMAPs, are plotted against the
stimulation current amplitudes in Fig. 4e and h. One significant
difference between the two configurations was the stimulation current
required to activate the muscles. As shown in Fig. 4d and g, the
longitudinal tripolar configuration activated the muscles from 2.4 mA,
while the transverse stimulation activated the muscles from 0.4 mA.
Higher current amplitudes normally carry the risk of nerve damage and
delamination of electrodes. In addition, the transverse stimulation
activated CMAPs with a higher amplitude than that of the longitudinal
stimulation, which suggests that it may be able to generate more
effective stimulation of the muscles. A previous study using multipolar
cuff electrodes also showed similar results [89].

4.4. Hemodynamic measurement by functional photoacoustic
microscopy (fPAM)

To verify whether the sling electrodes affect the hemodynamics of
the sciatic nerve, we used functional photoacoustic microscopy (fPAM)
to image the blood flow through the blood vessels on the nerve surface
before and after implantation of the sling electrodes. We also imaged
the blood flow after the implantation of a commercial cuff electrode
(Microprobe Inc., Gaithersburg, MD, USA) (inner diameter: 0.75 mm).
These results are shown in the images in Fig. 5. The yellow arrows in
the left panels indicate the blood vessel cross-sectional direction of the
photoacoustic (PA) B-scan images. Laser pulses at a visible wavelength
of 570 nm (As79) was employed for the PA wave excitation. These
wavelengths were used because the detected PA signals at As,o were
dominated by changes in cerebral blood volume (CBV) and this reveals
crucial information about the nerve hemodynamics [90]. The blood
vessels were also identified in the PA B-scan image at A57o, and all PA
images and values were normalized to the maximum change in the
Ir(s70) image. There was a significant reduction in the CBV (i.e.,
Rcpy) following cuff implantation (Fig. 5a—d). However, there were no
significant changes in the CBV values before and after sling implanta-
tion (Fig. 5e—h). This indicates that the sling electrodes did not cause
any changes in the blood flow in the nerve, while cuff electrodes can
significantly exert changes in nerve hemodynamics.

5. In vivo test of triboelectric nanogenerator and neural
interface

To demonstrate a battery-free neural interface, we conducted
selective stimulation to activate the TA muscle using the sling interface
connected with the TENG. The sling interface was implanted on the
sciatic nerve and two active electrodes were selected for the transverse
configuration which enabled to activate the TA muscle more than the
GM muscle. The TENG was then connected to the two electrodes of the
sling interface (Fig. 6a). The TENG was fully tapped by a hand to
activate the TA muscle. The record of the stimulation is shown Video
S1 in the Supporting information file. In Fig. 6b, the recorded CMAPs
of GM (red) and TA (blue) muscles show that the TA muscle was
activated more effectively than the GA muscle. We observed the twitch
of the muscle, however, the muscle contraction was not strong enough
for the ankle dorsiflexion. This may be due to fact that the charge was
higher than the threshold of the muscle activation, but was not enough
for the completed contraction of the TA muscle.

Supplementary material related to this article can be found online
at http://dx.doi.org/10.1016/j.nanoen.2016.12.038.

To fully demonstrate modulation of the TA muscle, we connected
the TENG to a pair of Pt/Ir wires, i.e., stimulation electrode, and
implanted on the CP nerve (Fig. 6¢). The TENG was tapped by a hand
with different frequencies while the CMAPs of GM and TA muscles
were recorded. As expected, the TA muscle was activated more than the
GA muscle while stimulating the CP nerve. It is not surprising that a CP
nerve innervates TA muscle more than GM as we discussed above. We
observed the muscle twitch and contraction and it became strong when
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Fig. 5. Picture of sciatic nerves before and after implantation of a commercial cuff and the sling electrode, respectively (left). The results of functional photoacoustic measurements
(right). (a) US image of the targeted blood vessel and (b) in vivo Ir(s70) PA B-scan image reflected the blood volume changes before implantation. (¢) US image and (d) in vivo Irs70)
PA B-scan image of the same position after the implantation of the cuff electrode. (¢) US image and (f) in vivo Ir(s70) PA B-scan image before implantation. (g) US image and (h) in vivo

Ir(s70y PA B-scan image after the implantation of the sling electrode.

we tapped with higher frequency on the device. The record of the
stimulation is shown Video S2 in the Supporting information file. The
activation via the CP nerve was more effective than the activation via
the sciatic nerve by the sling electrode. This is because that approach-
ing small nerves enhances the selectivity. We tracked the recorded
CMAPs depending on frequencies to verify our observation. Fig. 6d
shows current peaks generated by the TENG and Fig. 6e shows the
EMG recording at 2 Hz. The amplitude of CMAPs from the TA muscle
was 1932.6 pV and that from the GM muscles of 834.5 uV. Fig. 6fand g
show current peaks generated by the TENG and the EMG recording,
respectively, at 4 Hz. The amplitude of CMAPs from the TA muscle was
6164 uV and that from the GM muscles of was 1720.3 pV. This is
because, by using the hand tapping approach, the actual impact force

on the TENG increases as the tapping frequency due to the nature of
human hand behavior. The increased impact force associated with
higher tapping frequency leads to higher output voltage. Thereby the
muscles are activated more in this case. It demonstrates that the TENG
is able to generate enough charge to control a TA muscle though a
direct common peroneal nerve stimulation.

Supplementary material related to this article can be found online
at http://dx.doi.org/10.1016/j.nanoen.2016.12.038.

6. Concluding remarks

We developed a flexible and adjustable neural interface as a generic
electrode for selective stimulation and recording for a sciatic nerve. The
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Fig. 6. (a) Picture of in vivo direct stimulation test using the sling interface and the TENG as direct stimulation source. (b) The recorded compound muscle action potentials (CMAPs) of
GM (red) and TA (blue) muscles by the battery-free sling interface. (¢) Picture of in vivo direct TENG stimulation test using a pair of Pt/Ir wires on common peroneal (CP) nerve (inset).
(d) Current peaks generated by the TENG and (e) the CMAPs recordings at 2 Hz. (f) Current peaks generated by the TENG and (g) the CMAPs recordings at 4 Hz.

results of the selective recording demonstrated that compound neural
action potentials (CNAPs) were clearly recorded with different ampli-
tudes and latencies. It indicated the location of the particular axon
inside the sciatic nerve connecting to a common peroneal (CP) nerve,
i.e., a small branch of sciatic nerve, and provided a reasonable nerve
conduction velocity (NCV) of the sciatic nerve. In addition, the results
of the selective stimulation demonstrated that different muscle activa-
tion patterns of gastrocnemius medialis (GM) and tibialis anterior (TA)
muscles were achieved. It also suggested that transverse configuration
can provide more effective stimulation of the muscles. For the valida-
tion test of the sling interface for the pressure applied on the nerve, we
demonstrated the blood flow measurement demonstrating that the
pressure applied on the nerve by the flexible neural interface was less
than that applied by commercial cuff electrodes.

We also demonstrated stacked TENGs with confinement that
provided clear optimization range. It allowed us to tap fingers for
reliable TENG energy harvesting outside body and may have benefit of
implantation inside body in the future.

To achieve battery-free neutral electrodes, the sling interface
connected with the triboelectric nanogenerators (TENGs) was im-
planted on a sciatic nerve to selectively activate the TA muscle.

Furthermore, we demonstrated stimulation of the CP nerve using the
TENGs combined with a pair of Pt/Ir wires to control a TA muscle. The
degree of activation of the muscle was controlled by the operation of
the device. Overall results demonstrate that we achieved direct
stimulation of a sciatic nerve and a branch nerve in alive animals
using the TENGs connected with neural interfaces. With these facts,
the flexible TENG integrated with neural interface can achieve a
battery-free wearable neuromodulator. Furthermore, based on the
previous study of implantable TENGs with biocompatible encapsula-
tion [46], integration of such implantable TENGs with our neural
interfaces may result in implantable and battery-free neuromodulator
in the future.
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