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Mechano-neuromodulation of autonomic pelvic nerves was demonstrated for the first time using a triboelectric
neurostimulator integrated with flexible neural clip interface. The detailed stimulation parameters such as
current, pulse width, and charges generated by the proposed TENG were investigated for the stimulation of
autonomic pelvic nerve. In in vivo experiments, different beats per minute (BPM) were delivered to the nerves to
investigate the effect of stimulation frequency on mechano-neurostimulation while monitoring changes in
bladder pressure and the occurrence of micturition. Furthermore, different numbers of pulses were applied to
stimulate the pelvic nerve. The bladder contractions with micturition were observed when applying more than
50 BPM as well as one pulse. Comparison of stimulation was performed using a commercial stimulator with the
similar long-pulse widths as generated by TENGs. In addition, chronic implantation of flexible clip interface was
demonstrated with functionality test of the interface. The results demonstrate that this technology may poten-

tially be used for self-powered mechano-neuromodulation for bladder function in the future.

1. Introduction

Technology advances in flexible materials and cutting-edge elec-
tronics have greatly promoted the development of diversified flexible
electronics for the collection of biological information of human. Due to
the superior advantages over its rigid counterparts, flexible electronics
can be comfortably stuck on the surface of human skin and/or even
implanted inside human body with biocompatible encapsulation, i.e.,
wearable electronics and implantable electronics [1-5]. Along the past
few years, various flexible wearable electronics have been developed
with a broad range of functionalities, e.g., information sensing of
pressure, strain, temperature, pulse/heart rate and sweat [6-9], drug
delivery [10,11], ECG/EMG recording [12], and wearable energy har-
vesting [13-15]. Meanwhile, flexible implantable electronics also re-
ceive grand research effort to achieve the functionalities in a more

direct and efficient manner for clinical applications, for example,
physiological signal recording by implanted electrodes and sensors
[16-20], cellular/neural/muscle stimulation [21-29], organ actuation
[30], and implantable energy harvesting [31-36]. Flexible wearable
and implantable electronics provide a more comfortable way of inter-
action between human body and devices in terms of recording and
treatment of physiological conditions, improving the life quality of
millions of people.

Implantable electronics can potentially treat the underactive
bladder (UAB) syndrome, which is caused by a few risk factors such as
aging, neurologic diseases, and diabetes. UAB defines a group of
symptoms including prolonged/failed bladder emptying within a
normal time span [37]. Despite all of the serious consequences of UAB,
current solutions, the most common being ureteric catheterization, are
all accompanied by serious shortcomings [38,39]. With in vivo
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Fig. 1. Conceptual illustration of mechano-neuromo-
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experiments, our team has successfully demonstrated a few versions of
shape-memory-alloy (SMA) based 3D printed actuators to void bladder
with sustainable high efficiency. We also provide proof-of-concept self-
control system by having triboelectric nanogenerator (TENG) sensor for
indirectly detecting the fullness of bladder for neurogenic UAB patients
with degraded nerve function [30,40].

Furthermore, recent interest in neuromodulation using neural in-
terfaces and bioelectronics has focused on autonomic nerves that enable
therapeutic effects by regulating extensive functions implicated in
organ physiology and chronic disease states [19,41,42]. Specifically,
neural signals passing through nerve fibers can be tuned for therapeutic
intervention on the human bodily function or chronic disease by
reading neural information and stimulating targeted fibers for desired
neural signals, or inhibiting unwanted neural signals. One of interests in
this field is to modulate and treat bladder dysfunction which is an
emerging issue as a major health care problem in aging society [43].
The function of the urinary bladder is to store and expel urine, which is
complicatedly controlled by the central, peripheral, and autonomic
nervous system [10]. Regarding the UAB patients, again, the damage of
these nerves caused by diabetes, infections, or injury of brain/spinal
cord results in neurogenic bladder dysfunction [40]. Although several
treatments methods have been used in UAB, including behavioral
modification, pharmacological treatment, and surgical interventions,
neurostimulation methods has emerged as one of the promising tech-
nology that regulate bladder function [11]. Electrical stimulation of the
autonomic pelvic nerve, which provides a more direct and specific
control of bladder contraction than central nerve targets or afferent
fibers, shows more effective bladder emptying [12]. This approach is a
promising solution for UAB syndrome prolonging or failing bladder
voiding.

Implantable stimulators such as pacemaker, cochlear implants, and
sacral neuromodulation system (SNS) have been used to stimulate or-
gans or nerves to support or control the bodily functions. It consists of a
stimulator, leads (electrodes), and programs to adjust stimulation
parameters. The stimulator includes electronic circuits that generate
proper stimulation pulses (typically square pulses). This consumes
power and requires batteries, making long-term use of implantable
stimulators difficult. The battery should generally be replaced after 3-5
years. For instance, an interstim system (InterStim™) for sacral nerve
stimulation has the battery lasting for 5 years, so that the battery will
need to be replaced [44]. For sustainable and long-tern use of such

devices, triboelectric nanogenerators (TENGs) have been demonstrated
to scavenge the movements of internal organs, e.g. heart, lung, and
diaphragm [13-16]. As a power source for neurostimulation, a piezo-
electric energy harvester was applied for deep brain stimulation
[17,18], and TENGs that generates exponential wave stimulated per-
ipheral motor nerves [19,20]. However, there is the lack of research
associated with stimulation parameters generated by TENGs such as
pulse width, current, and frequency that are important factors espe-
cially for autonomic nerve stimulation.

In this paper, mechano-neuromodulation of bladder using a stacked
TENG combined with a flexible neural clip (FNC) interface is in-
vestigated. We characterize detailed stimulation parameters generated
by the TENG in terms of current, pulse width, and charge. In in vivo
experiments, different beats per minute (BPM) of stimulation signals as
well as different number of pulses are delivered to the pelvic nerve
through the FNC while monitoring bladder pressure changes and the
occurrence of micturition. Furthermore, comparison of bladder stimu-
lation by commercial stimulator is demonstrated. Finally, we demon-
strate chronic implantation of FNC with histological test, then stimulate
bladder.

2. System and device configuration, and in vivo demonstration

A human creates various mechanical movements inside or outside
the body. The concept of mechano-neuromodulation is that this kind of
mechanical movements could be used as an energy source for neuro-
modulation. Intentional movement generates an output signal by the
proposed stimulator, which is transmitted to the target nerves via
neural interfaces for electrical stimulation of the nerves, resulting in
muscle activations. This evoked mechanical movement probably could
be used as an another energy source for possibly continuing other
neuromodulation (Fig. 1a). Here, we propose the prototype of a me-
chano-neuromodulator combined a stacked TENG and FNC interface for
bladder modulation. The handheld sizes of TENGs are prepared for easy
use in multiple experiments. It can easily grasp with one hand, and it
generates electrical signals by pressing and releasing by fingers
(Fig. 1b). We demonstrate the modulation of bladder function with the
proposed triboelectric neuromodulator by implanting FNC interface in
a pelvic nerve of a rat (Fig. 1c¢). The FNC provides reliable interface on
very small pelvic nerve by quickly clipping on it (Fig. 1d). In addition,
after the implantation, the FNS provides a stable stimulation interface
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by adapting to the movement of bladder during micturition (Fig. 1e)
[45].

For the TENG, a PET sheet was used as the body of the device with a
zigzag shaped structure. This structure provided mechanical support to
maintain the shape for multiple experiments. Polytetrafluoroethylene
(PTFE) was used as a negative triboelectric material as well as alu-
minum (Al) foil was used as positive triboelectric material to achieve
the maximum output. Total 4-layer TENGs were prepared, which con-
siders the length of the released device compatible to one-hand op-
eration. To generate different electrical energies, different sizes of
contact areas (1 cm?, 4 cm?, and 16 cm?) were prepared (Suppl. Fig. 1).
The detailed configuration and characterization are described in sup-
plementary. The detailed operation mechanism was described in pre-
vious work [20].

Flexible neural clip interfaces were fabricated by conventional mi-
crofabrication technology. It consisted of a polyimide-Au-polyimide
sandwiched structure (Suppl. Fig. 2a). This unique design of the device
enabled them to be easily and reliably implanted on small pelvic nerves
(diameter: ~250 pum) in rats (Fig. 1e). Two gold electrodes of the device
were opened for nerve contact, and were additionally coated with ir-
idium oxide materials to enhance the stimulation performance of the
device. After the implantation, the two coated electrodes were in par-
allel contact over the nerve surface. The detailed fabrication and
coating processes are described in the supplementary section S2 and S3.

Different stimulation parameters such as pulse width, amplitude,
and frequency generated by the proposed device are applied for pelvic
nerve stimulation to demonstrate bladder modulation. For pelvic nerve
stimulation, biphasic square pulses of short pulse width (a few hundred
seconds) with multiple train pulses are typically applied [46,47].
Therefore, the effect of relatively long pulse width and exponential
waveforms on bladder stimulation should be preferentially demon-
strated. For this, we demonstrate comparative studies of pelvic nerve
stimulation using commercial stimulation depending on low amplitudes
and long pulse width.

3. Characterization of triboelectric stimulator

The prepared 4-layer TENGs were characterized with a constant
force (40 N). The layers were connected in parallel to maximize output
current [20]. We measured the short circuit current of the device since
the impedance of the implanted neural interface on a pelvic nerve was
around a few tens of kilo-ohms. This is negligible compared with the
internal impedance of the TENG that was around tens of mega-ohms
[20]. Different frequencies of hand-tapping were manually performed
within the range for 25 to 150 BPM (Beat per minute) that is compatible
with one hand. Firstly, the device with the size of 4 X 4 cm (contact
area: 16 cm®) was demonstrated to generate electrical energy. The
output currents were recorded depending on BPM of 25, 50, 100, and
150 (Fig. 2a—d). Actual BPMs were calculated with the intervals of the
recorded peak signals, which were 25.2 (n = 5), 50. 1 (n = 5), 103.9
(n = 5), and 153.5 (n = 5) BPMs, respectively.

To characterize the detailed stimulation parameters such as pulse
width, current, and shape of pulses, each pulse generated by TENGs was
analyzed. Each pulse had a major biphasic waveform following a minor
biphasic waveform (Fig. 2e). The result of the output current generated
by a hand at 50 BPM. The positive peak current of the major waveform
was 5.4 = 0.64 pA (n = 5) and the negative peak current of the major
waveform was 2 + 0.48pA (n = 5). The positive and negative peak
currents of the minor waveform were 0.66 = 0.39pA (n =5) and
0.51 = 0.27pA (n =5), respectively. The minor peak -currents
(< 1pA) were very small, and are less than motor nerve's rheobase
current that is defined as the threshold current for infinitely long pulses,
so that these minor waveforms could be negligible [45,48]. The shape
of the major positive pulse was relatively sharp, and narrower than the
one for the major negative pulse. The major positive pulse seemed to be
the leading phase for stimulation waveforms, and the major negative
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pulse seemed to be the returning phase for a charge-balanced wave-
form. The pulse widths of the pulses were also characterized. The pulse
widths of major positive and negative pulses were 15.7 + 1.01 ms
(n = 5)and 43.2 *+ 2.39ms (n = 5), respectively. The pulse widths of
minor positive and negative pulses were 2.37 + 1.39ms (n = 5) and
4.77 * 3.52ms (n = 5), respectively.

The pulse width of 15 ms seemed to be larger than the typical pulse
width for stimulation in the case where a rectangle pulse was applied.
However, the wave shape of the device was close to an exponential
waveform. Accordingly, we calculated charge per pulse based on the
peak current and the pulse width to verify actual charge delivered. Due
to the unique characteristics of TENG, the charge sum of a positive
pulse and a negative pulse is zero. Therefore, it can be expressed by Ref.
[22],

S b, = [ Lt

where I, is the current of the major positive pulse, t, is the time of the
major positive pulse, I, is the current of the major negative pulse, and t,
is the time of the major negative pulse.

The calculated total charge output was 29.5nC (n = 5) per pulse.
This value was reasonable for electrical stimulation based on previous
studies [23,24]. In addition, the charge of the minor waveform was less
than 1nC, so we concluded that the minor waveform could not influ-
ence the stimulation.

This kind of charge-balanced current waveform has the advantage
of avoiding damage to electrodes and surrounding tissue [22,24]. For
instance, deep brain stimulation (DBS) devices deliver asymmertrical
biphasic stimulation pulses with a leading cathodic phase followed by a
longer, charge-balancing, anodic phase. And the low-amplitude anodic
phase lags the cathodic phase so that it cannot exert a conditioning
effect [48]. Here, the data was presented anodic phase first and fol-
lowed a cathodic phase. However, the FNS had two sensing electrodes
that were positioned in parallel to the direction of the pelvic nerve after
implantation so that the phase can be controlled inversely. Therefore,
we assume that the major positive pulse was the leading phase of the
stimulation, and the major negative pulse was the returning phase.

Major pulse widths and major peak currents depending on the BPM
were investigated in Fig. 2 f and g. The positive pulse widths showed
smaller variation from 14.67 ms to 15.7 ms depending on BPM while
the negative pulse width presented wider variation from 37.5ms to
44ms (Fig. 2f). This is possibly because a constant pushing speed
contributing to the generation of the positive pulse widths is well
controlled by a hand, while releasing speed of the device associated
with negative pulse widths is related to the resilience property of PET
materials. Large BPM may not provide enough time to release the layers
completely. Positive peak current generated by 25 BPM was
4.59 + 0.81 pA (n = 5), and it was increased with the increase in BPM
until 100 BPM (6.27 = 0.43 pA (n = 5)). At 150 BPM, positive current
was 5.91 + 0.69 pA (n = 5), which was slightly less than one gener-
ated by 100 BPM, and it seems to be saturated. This may also be due to
layers that are not completely separated. At 100 BPM, positive current
showed the highest value, which may be due to the large force applied
naturally when applying large BPM. Negative peak current generated
by 25 BPM was 1.65 = 0.459 pA (n = 5), and it was increased with the
increase in BPM 150 BPM which was 2.1 = 0.13pA (n = 5). Again,
discussed above, negative pulses are returning phase in a charge-bal-
ance waveform, so we assume that it does not seriously affect for the
stimulation.

4. Bladder modulation dependence on stimulation frequency

Electrical stimulation of bladder pelvic nerve using the TENGs was
performed. To investigate the effect of stimulation frequency on
bladder modulation, we delivered different BPM of stimulation signals
for 5s. Firstly, we implanted the prepared clip interface on a pelvic
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nerve of a rat that is located right beside the bladder. After the iden-
tification of the nerve, then we stimulated the pelvic nerve using a
commercial stimulator to check the functionality of the interface, as
well as the measurement setup for the bladder contraction. After that,
the TENG was connected to the clip interface. We applied the different
BPM of 25, 50, 100, and 150 for the stimulation of the nerve while
monitoring intra-bladder pressure and micturition. When applying to
25 BPM to the nerve for the stimulation, small change in bladder
pressure was observed, but there was no micturition (Fig. 3a). At the
stimulation of 50 BPM, clear bladder changes in the pressure were
observed with micturition (Fig. 3b). In addition, stimulation with 100
and 150 BPM induced the occurrence of micturition and larger pressure
changes than previous ones (Fig. 3c and d). Peak pressure changes also
showed that the stimulation by 25 BPM caused small change
(< 2mmHg) while the stimulation by 50, 100, and 150 BPM led to

Stimulation pulse rate (bpm)

larger change (> 5mmHg) (Fig. 3e). Post-stimulation drop in in-
travesical pressure, which is relevant to the occurrence of micturition,
showed significantly larger pressure drops above 50 BPM [47]. This
trend is consistent with the tendency of the major positive peak current
change depending on BPM (Fig. 2g). The low current around 4 pA at 25
BPM and a small number of pulses (2 pulses) might be the phenomena
of small bladder pressure change without micturition. This also in-
dicates that the rheobase current when to apply the current by the
suggested device is around 4 pA. This also support the assumption that
the low currents (1-2 pA) of negative pulses are returning phase in a
charge-balance waveform, which cannot seriously affect for the sti-
mulation.

These results demonstrate that this mechano-neuromodulation
combined with the FNC and the TENG can induce bladder contraction
for micturition. A video demonstration of bladder modulation can be
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found in Supplementary information.
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.03.082.

5. Bladder modulation dependent on number of stimulation
pulses

To investigate the dependence on number of stimulation pulse, we
applied different number of pulses (1-4 pulses) to pelvic nerves in rats.
We manually applied the same force (40 N) at 50 BPM to the TENG that
was used for the characterization of the TENG. This is because that the
stimulation by 50 BPM showed good results of the pressure change and
the micturition in previous experiment, as well as 50 BPM is precisely
manageable by a hand (50.1 BPM). Fig. 4a shows changes in bladder
pressure when one pulse was applied. There was no change in bladder
pressure or any other physiological response. However, we observed
large bladder pressure changes when more than two pulses were ap-
plied. The clear change in the baseline pressure before and after sti-
mulation was observed when applying to two pulses in Fig. 4b. When
we applied to three pulses, there was no clear baseline change, but we
observed a small amount of micturition. When applying to four pulses,
the clear shape of bladder pressure change was observed as shown in
Fig. 4c, indicating that a voiding event occurred [25]. Fig. 4d shows
peak bladder pressure changes depending on number of stimulation
pulses. Two and four pulses stimulation also caused larger pressure
drops, corroborating the visual observation of urine output from the
meatus, when compared to single pulse stimulation. In Fig. 4e, although
both 2 and 4 stimulation pulses evoked voiding responses, the smaller
post-stimulation drop evoked by 4 stimulation pulses suggests that a
corresponding strong external urethral sphincter contraction was also
evoked, thus decreasing the voiding efficiency. A previous study had
shown that stimulation of pelvic nerve, which is a mixed nerve con-
taining both parasympathetic efferents and sensory afferents, can
evoked both bladder contraction and external sphincter contraction
[47]. The result indicates that one pulse (29.5nC) delivered less than
the required energy for the activation while more than two pulses
(> 59nC) conveyed suprathreshold energy for the stimulation using
this technology.

Number of stimulation pulse

6. Comparison of bladder stimulation by commercial stimulator

Bladder stimulation applied long pulse width (tens of milliseconds)
using a commercial stimulator was performed to investigate physiolo-
gical response of bladder modulation. Firstly, we applied normal sti-
mulation parameters that were used for the study of bladder stimula-
tion in previous studies [45-47]. Intravesical pressure change while the
stimulation was shown in Fig. 5a. Stimulation parameters with biphasic
square waveforms were amplitude of 100 pA, pulse width of 150 ps, and
interpulse period of 100 ms for 5s (Fig. 5b). The clear pressure change
and micturition were observed. Considering only one phase pulse (ne-
gative pulse) affects the stimulation, total charge delivered to the pelvic
nerve was 750 nC for 5s. After that, long pulse width of 80 ms was
applied for bladder stimulation. The interpulse period of 250 ms and 5 s
stimulation were fixed, and amplitude was increased from 1 to 5pA.
When applying 1 pA while the stimulation, there was small pressure
change, but no clear micturition occurred (Fig. 5c). Ideally, total charge
delivered to the stimulation was 1600 nC, but there was no clear re-
sponse. At the amplitude of 3 pA, noticeable pressure change and small
amount of urine was observed (Fig. 5d). However, the shape of pressure
change was unusual compared with ones under the other stimulation
conditions. Clear pressure change and clear micturition were observed
with stimulation amplitude of 5pA (Fig. 5e). This demonstrates that
low amplitudes and long pulse widths by a commercial stimulator could
also drive micturition despite lower positive pressure changes.

7. Chronic implantation of neural clip interface

One of challenges in long-term use of neuro-stimulator is chronic
implantation of electrodes (or lead). Most of all, conformal implanta-
tion and close contact of electrode are critical to deliver designed sti-
mulation parameters. Furthermore, chronic implantation of electrodes
usually causes the performance degradation or functionality failure due
to the generation of scar tissue as a foreign body reaction.

Chronic implantation of the clip interface was performed to validate
long-term implantation of the clip interface. Neural clip interfaces were
implanted on bladder pelvic nerves in rats for 16 days. Firstly, the clip
interface was implanted on the pelvic nerve, then the nerve was
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stimulated via the interface to check electrode and nerve functionality
(100-500 pA). The bladder contraction was observed, then the surgical
site was sutured. After 16 days, to verify the health of the pelvic nerve,
we opened the surgical site and check the condition of the pelvic nerve
in anesthetized rat. The clip electrode was observed to be physically
interfacing with the nerve, although the macroscopic appearance of the
nerve suggested some degree of foreign body reaction (Fig. 6a). His-
tological analysis showed that individual pelvic nerve branches were
still identifiable at the nerve-electrode interface, although some scar
tissues had also formed around the nerve branches. When we performed
electrical stimulation of the pelvic nerve through the same electrode
implant at 400 pA while monitoring intravesical bladder pressure, po-
sitive bladder pressure change was observed (Fig. 6¢). The positive
intravesical change further increased when larger stimulation current of
500 pA was used (Fig. 6d). These results indicate that the chronically-
interfaced pelvic nerve preserved sufficient functionality to evoked
bladder contractions when stimulated.

8. Concluding remarks

We demonstrated mechano-neuromodulation of autonomic pelvic
nerve for bladder function in rats using a triboelectric neurostimulator
integrated with a flexible neural clip interface. The characteristics of

10 20 30 40 50 60 70

Time (s)

the TENG were investigated in terms of current, pulse width, and
charge for the in vivo experiments. The unique mechanism of TENGs
provided current with a charge-balanced waveform that had the benefit
of reducing damage to electrodes and tissues. The overall pulse widths
were larger than the typical ones for stimulation, but the exponential
shape of the pulse delivered a reasonable charge for stimulation
(~29.5nC per pulse).

During in vivo experiments, we demonstrated the dependence of
frequency (based on BPM) and number of pulses on bladder modula-
tion. Different BPM (25, 50, 100, 150 BPM) pulses were delivered to the
pelvic nerve for the stimulation while monitoring physiological re-
sponses such as intravesical pressure in bladder and micturition.
Stimulation by more than 50 BPM showed clear bladder contraction
and micturition events. In the experiment of number of pulses depen-
dent stimulation, bladder contractions with micturition were observed,
except for one case when only one pulse was applied. Most of the
changes in bladder pressure showed clear changes in the baseline
pressure, indicating typical physiological responses. The results de-
monstrate that too low frequency (< 0.4 Hz; 25 BPM) stimulation may
be not enough to evoke bladder contraction. In addition, surprisingly,
applying only two pulses with around 1 Hz (0.83 HZ; 50 BPM) is suf-
ficient to generate micturition response using this technology. For the
comparison of bladder stimulation by a commercial stimulator, long
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pulse width (80 ms) with very low amplitude of 1, 3, and 5pA were
applied for the bladder stimulation, respectively. The stimulation by
more than 3 pA showed bladder pressure changes and micturition in-
dicating that long pulse stimulation does work for bladder modulation.
This result also indicates that the rheobase current is less than 3 pA for a
pelvic nerve when applying biphasic pulses by a commercial stimulator.
Again, this result supports our assumption of the negligible minor peak
currents that were less than 1pA. Finally, chronic implantation of
flexible clip interface was demonstrated. After 16-days implantation,
the FNC maintained the stimulation functionality of bladder modula-
tion without damage in the pelvic nerve.

All results demonstrate that this mechano-neuromodulation tech-
nology can induce bladder contraction with micturition showing pro-
mising possibility of mechano-neuromodulation. Furthermore, it opens
the possibility of modulating other autonomic nerves using this tech-
nology for bioelectronic medicine.

The next step will be demonstration of the long-term physiological
effect on bladder and pelvic nerve when applying this stimulation
technology. Furthermore, advanced versions of TENG need to be de-
veloped. For instance, a biocompatible package of device will be re-
quired for implantable devices to maintain the performance of the de-
vice in harsh in vivo environments. Furthermore, bionic design of the
device associated the movement of muscles and organs will be great for
stable and self-sustainable performance. It would be great to extend the
range of uses of various mechanical energy derived from the skin or the
internal body.
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