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ABSTRACT: Loss of tactile sensation is a common occurrence in
patients with traumatic peripheral nerve injury or soft tissue loss, but as
yet, solutions for restoring such sensation are limited. Implanted neuro-
prosthetics are a promising direction for tactile sensory restoration, but
available technologies have substantial shortcomings, including
complexity of use and of production and the need for an external
power supply. In this work, we propose, fabricate, and demonstrate the
use of a triboelectric nanogenerator (TENG) as a relatively simple, self-
powered, biocompatible, sensitive, and flexible device for restoring
tactile sensation. This integrated tactile TENG (TENG-IT) device is
implanted under the skin and translates tactile pressure into electrical
potential, which it relays via cuff electrodes to healthy sensory nerves,
thereby stimulating them, to mimic tactile sensation. We show that the
device elicits electrical activity in sensory neurons in vitro, and that the extent of this activity is dependent on the level of
tactile pressure applied to the device. We subsequently demonstrate the TENG-IT in vivo, showing that it provides tactile
sensation capabilities (as measured by a von Frey test) to rats in which sensation in the hindfoot was blocked through
transection of the distal tibial nerve. These findings point to the substantial potential of self-powered TENG-based implanted
devices as a means of restoring tactile sensation.
KEYWORDS: tactile restoration, peripheral nerve injury, triboelectric effect nano generator, TENG, implanted biosensor

Traumatic peripheral nerve injury (TPNI) is a common
disorder that affects 2.8% of trauma patients, and can
result in lifelong disability,1 chronic pain, and

diminished quality of life.2,3 A common effect of TPNI is a
loss of tactile sensation,4,5 which not only interferes with
patients’ daily lives but also increases susceptibility to injury.
Currently, few solutions are available for restoration of tactile
sensation. The gold standard solution is surgical nerve
reconstruction by nerve autograft, nerve conduits,6 or nerve
allografts.7,8 Unfortunately, nerve reconstruction can only be
performed in a limited time period (i.e., in the first two years after
injury), and it requires healthy skin with viable end-organs.
Moreover, even when these conditions are met, its success rate is
low.9

An alternative promising avenue for the restoration of tactile
sensation is the development of wearable or implanted neuro-
prosthetic devices that simulate the experience of touch. This
simulation is achieved by translating pressure cues around the
damaged area into electrical signals that can subsequently be
processed by the brain. Several such devices have been proposed
and implemented, using various technologies, and innovations
are continually emerging in the field10−16 (see Table S1 for a

summary of the properties of the main tools). Technologies that
have received particular attention include computer−brain
interfaces14−16 and “electronic skin” that mimics not only the
sensory properties of skin but also some of its biological
properties (e.g., stretchability).11 Neuro-prosthetic technologies
are still in their infancy, however, and only a few have undergone
proof-of-principle testing in vivo.10 Moreover, the tools
developed thus far have several key shortcomings: First, they
are expensive and complex to implement, with some (e.g.,
electronic skin) requiring supplementary support platforms.12

These features suggest that the process of adapting current
technologies into devices that are appropriate for widespread
clinical use is likely to be prolonged, and, without significant
advances in cost reduction, the finished product may still be

Received: December 3, 2020
Accepted: June 8, 2021
Published: June 17, 2021

A
rtic

le

www.acsnano.org

© 2021 The Authors. Published by
American Chemical Society

11087
https://doi.org/10.1021/acsnano.0c10141

ACS Nano 2021, 15, 11087−11098

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iftach+Shlomy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shay+Divald"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keshet+Tadmor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yael+Leichtmann-Bardoogo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amir+Arami"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ben+M.+Maoz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ben+M.+Maoz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.0c10141&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10141?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10141?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10141?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10141?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10141/suppl_file/nn0c10141_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10141?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/15/7?ref=pdf
https://pubs.acs.org/toc/ancac3/15/7?ref=pdf
https://pubs.acs.org/toc/ancac3/15/7?ref=pdf
https://pubs.acs.org/toc/ancac3/15/7?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.0c10141?rel=cite-as&ref=PDF&jav=VoR
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


inaccessible to many patients. Second, current neuro-prosthetic
technologies require a power sourcetypically an external
power source or a battery. Such power sources may be
inconvenient to replace, and they might risk introducing toxic

materials in the case of malfunction.13 Third, the neuro-

prosthetic technologies that have been implemented in patients

tend to require long periods of training and adjustment.17

Figure 1. Illustration of the TENG-IT. a. Use of TENG-IT for restoring tactile sensation. The TENG-IT is implanted under the skin (e.g., of a
desensitized finger). Upon application of tactile pressure to the device, the TENG-IT generates an electrical signal, which is delivered using
isolated cables to a stimulating cuff electrode wrapped around the closest undamaged afferent nerve fiber, which transduces a touch sensation
signal to the CNS. Upper inset: top: Photo of a cuff electrode (scale bar: 1 mm); bottom: Photo of a TENG-IT device (scale bar: 1 mm; a larger
version than the device used in our experiments is pictured for clarity of presentation). b. Schematics of the TENG, which converts mechanical
energy into electricity using the triboelectric effect.

Figure 2. TENG-IT characterization. a. Schematic of the TENG-IT layers (left) and a photo of the TENG-IT (right) (scale bar: 2 mm). b. Mean
peak-to-peak electrical output modulation of TENG-IT (5 mm × 5 mm), as a function of the materials used for the friction layers. c. Output
performance of TENG-IT (5 mm × 5 mm) for different levels of pressure applied. d. TENG-IT (5 mm × 5 mm) response to physiological
pressure. We observe a linear correlation (R2 = 0.97) between the average peak-to-peak output voltage and pressure applied to the device.
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Clearly, there is much room for development in the design of
implanted devices aimed at restoring tactile sensation. In
addition to overcoming the shortcomings of current and
emerging technologies, such a device should ideally fulfill
several criteria. First, the device should be made of
biocompatible material, to prevent damage to the tissue
surrounding the implant.18 In addition, the device should be
flexible, durable, and small. Another crucial feature is a wide
range of sensitivity, corresponding to normal human pressure
perception,19 which ranges from a few kPa for a gentle touch to
tens of kPa for object manipulation. An additional desirable
feature is simplicity of design and implantation, toward
enhancing the accessibility of the device to the general
population of patients.
Herein, we propose leveraging a recently developed

technology to create a class of practical tactile restoration
devices that can fulfill the criteria outlined above, while
overcoming the shortcomings of existing neuro-prosthetic
solutions. The technology at the focus of our work is the
triboelectric nanogenerator (TENG),20−23 which converts
mechanical energy into electricity by a conjunction of
triboelectrification and electrostatic induction24 (Figure 1a).
Several recent studies have demonstrated the great potential of
TENG technology in diverse applications (e.g., evaluation of
water quality, harvesting blue energy),25−27 and specifically in
the biomedical industry.22,28−32 The latter studies have shown
that the TENG can be used to harvest biomechanical energy and
can thereby facilitate nerve repair or serve as an autonomous
power source for medical devices.22,28 Crucially, the TENG’s
sensitivity to pressure has been suggested to make it a promising
candidate for tactile sensory applications.29 In this work, we
begin to realize this potential, by creating an integrated tactile
(IT) sensory restoration device (TENG-IT), and demonstrating
its functionality in vivo.
The TENG-IT is a self-powered device that is implanted

under the skin (e.g., at the fingertip) and that transforms touch
into voltage, which is transduced to healthy sensory nerves via
cuff electrodes, to excite peripheral neurons proportionally to
the pressure that is applied on the device (Figure 1b). The
device comprises a small number of components and is
constructed from affordable materials; moreover, its fabrication
process is straightforward. In what follows, we elaborate on the
design of the TENG-IT device and demonstrate its ability to
excite peripheral neurons in vitro and to provide tactile sensory
capabilities to rodents in which a segment of a sensory nerve was
removed. Overall, this work provides an affordable, accessible,
self-powered, and sensitive device for restoring tactile sensation.

RESULTS AND DISCUSSION
TENG-IT Development and Characterization. Selection

of Materials and Evaluation of Capacity to Generate
Electrical Potential. Although the TENG was introduced only
8 years ago,33 many TENGs have since been developed, and
extensive research has been devoted to identifying the best
materials and design for such nanogenerators.24,34 Building on
this research, we identified and tested several materials that
would enable us to create a device that is stable, sensitive to
pressure along the physiological range, durable, biocompatible,
and capable of generating a large triboelectric effect (Figure
2a,b). We note that the materials selected for the TENG, as well
as the fabrication process, are aligned with established practices
outside the biomedical domain;25−27 Our device demonstrates
the possibility of implementation of a TENG for restoration of

tactile sensory capabilities (an application that has been
suggested but not yet realized29) and specifically, the use of
cuff electrodes to relay TENG-generated potential to healthy
nerves (as elaborated in subsequent sections).
In general, a TENG is composed of positive and negative

dielectric materials, which are positioned on top of the metal,
which serves as an electrode (Figure 1a, Figure 2a, Figure S1; see
Materials and Methods section for details). In this work,
polydimethylsiloxane (PDMS) was chosen as the negatively
charged dielectric material, and both nylon (Ny) and cellulose
acetate butyrate (CAB) were tested as the positively charged
layer, as they are known to be biocompatible and flexible, and
they have the potential to generate large electrical potential. For
the metal (the electrode), we used a thin layer of gold, which was
evaporated on Kapton for stability (in our initial experiments,
the Kapton layer was 125 μm thick).
After constructing devices (surface area: 25 mm2 [5 mm × 5

mm]) from the candidate material combinations (Ny:PDMS,
CAB:PDMS), in addition to a “control” device constructed from
a single, positively charged dielectric material (CAB:CAB), we
evaluated each device’s capacity to generate electric potential in
response to touch (SI Movie 1). As expected, the control device
produced a negligible change in voltage in response to touch,
whereas devices constructed from combinations of positive and
negative dielectric materials produced significant changes in
voltage (Figure 2b). CAB:PDMS produced higher output
voltage (0.97 ± 0.03 V) than did Ny:PDMS (0.73 ± 0.08 V);
moreover, it was more convenient to work with and more stable
(the Ny electrodes peeled off after a short usage period; Figure
S2). Accordingly, the CAB:PDMS combination was used in all
subsequent experiments.

Response to Physiological Pressure. Our next step in
characterizing and evaluating the TENG-IT was to verify that
the device operates as expected in response to pressure within
the physiological range19and specifically, that the relationship
between the output voltage and the pressure applied fits the
following equation:35
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−
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·
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where Vrel is the relative change in voltage, VOC is the TENG-IT
output voltage at a specific time point, d0 is the maximal distance
(i.e., the size of the gap) between the two dielectric layers, S is the
surface area of the TENG-IT (see Materials and Methods
section and Figure S3), k represents the TENG-IT’s elasticity,
and p is the pressure applied. As can be seen in Figure 2c,d, the
TENG-IT operates in the physiological range of pressure (as low
as 1 kPa and high as 20 kPa), and the voltage−pressure
relationship has high linear correlation to eq 1 (R2 = 0.97).
Next, we examined whether the sensitivity of the TENG was

dependent on the thickness of the Kapton layer supporting the
electrode. To do so, we fabricated two different TENGs, one
containing a “thick” (125 μm) layer of Kapton, and the other
containing a “thin” (13 μm) layer. We then tested each device’s
electrical output. As Figure S4 demonstrates, the device that was
fabricated using the “thin” layer of Kapton was more sensitive
than the device with the “thick” layer of Kapton, and produced
higher voltage for a given amount of pressure. Though the
“thick” layer of Kapton was used in the final version of the
deviceas this layer provided adequate sensitivity for our proof
of principlesubsequent iterations of the TENG-IT might
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incorporate alternative thicknesses of the Kapton layer to
achieve optimal sensitivity.
Durability. To evaluate the durability of the device, we

applied repeated pressure of 15 kPa at a frequency of 4.5 Hz over
36 h, resulting in more than 580,000 strong “finger taps” on the
device (Figure 3a). Interestingly, over the course of the first
11,000 taps, the output voltage from the TENG increased to
128% of its starting value. After approximately 170,000 taps, the
final output voltage arrived at saturation (2.487 ± 0.133 V),
corresponding to 261% of the initial value (Figure 3a). In an
effort to identify the cause of this increase in voltage over time,
we examined scanning electron microscope (SEM) images of
the surface area of the dielectric materials; the images had been
recorded over the course of the experiment (Figure 3b). We
observed that the surface of the dielectric materials (mainly the
CAB) became rougher over time. As a TENG’s triboelectric
effect is highly dependent on its surface area36 (eq 1), the
roughening of the surface apparently increased the output
voltage for a given pressure (Figure 3a,b).
Next, we evaluated the robustness of the TENG-IT in the

presence of multiple forces over time (Figure 3c,d). During force

application, we verified that the two layers touched each other
and went back to their original state (Figure 3b). The results
show that the dynamic range of the TENG-IT is not significantly
affected by the application of high pressure, which is a crucial
condition for in vivo use.

Resistance to Biological Conditions. Exposure to biological
conditions such as moisture, body temperature, and salinity
might cause degradation via corrosion, swelling, and hydrolysis.
To evaluate how the TENG-IT might respond to such exposure
over time, and to validate the long-term stability of the device,
the following procedure was performed. Over a period of 26
days, TENG-IT devices were kept in PBS solution in an
incubator at 37 °Can environment simulating biological
conditions. The device’s output voltage in response to peak
acceleration of 3.95 m/s2 was measured 3 times a week for 30
min. We observed that after a stabilization period of∼5 days, the
output voltage remained relatively stable as compared to the
initial measurement (Figure 3e). Notably, this pattern resembles
the pattern observed in our initial durability test, in the absence
of biological conditions (Figure 3a).

Figure 3. a. Average peak-to-peak output voltage from TENG-IT. Insets in blue show raw data corresponding to 5 s intervals after specific time
points. Pressure applied was 15 kPa at 4.5 Hz. b. SEM images of the TENG-IT (5 mm × 5 mm): top view of each layer of dielectric material
(CAB or PDMS). The roughness of the surface of the dielectric materials changes for both PDMS and CAB, after >0.5 million taps of 15 kPa. c.
Average peak-to-peak output voltage of the TENG-IT in response to a set of increasing and decreasing accelerations (pressures) (labeled
“forward” for increasing pressures [blue] and “backward” for decreasing pressures [red] that immediately followed; n = 3). d. Example of
TENG-IT compression. e. Average peak-to-peak output voltage divided by the initial peak-to-peak measurement (n = 3). The pressure was
applied by a motor moving in a sinusoidal motion at 1 Hz at peak acceleration of 3.95 m/s2.
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TENG-IT Activates Sensory Neurons in Vitro. Our next
step, before in vivo validation, was to perform in vitro proof-of-
principle, by characterizing the TENG-IT’s capacity to activate
sensory neurons and, specifically, mouse dorsal root ganglia
(DRGs). For these experiments, we developed a multielectrode
array (MEA) platform that could be integrated with the TENG-
IT device (TENG-IT surface area: 25 mm2 [5 mm × 5 mm];
Figure 4a, Figure S5). The MEA was used both to measure cells’
electrical activity and to generate potential that stimulates the
cells.
DRGs are known to exhibit limited spontaneous electro-

physiological activity in vitro.37 Indeed, MEA measurements of
theDRGs’ baseline activity did not show significant spontaneous
electrical activity (Figure 4b, Figure S6). To verify that the cells
were capable of electrical activity, we exposed them to KCl (in
line with prior studies37) and observed that, as expected,
electrical activity increased following KCl addition (Figure S6).

Preliminary experiments indicated that the DRG response to
stimulation (electrical potential) generated by the TENG-IT
improves when the cells are first primed to be electrically active,
rather than stimulated from their baseline (inactive) state (data
not shown). Because KCl exposure kills the cells, we evaluated
the capacity of theMEA’s stimulation system to prime the DRGs
in this manner (see Materials and Methods). We observed that,
indeed, exposure to MEA stimulation elicited a significant
increase in the DRGs’ spontaneous electrical activity (Figure
4b).
Next, we evaluated the DRGs’ capacity to respond differ-

entially to different levels of electrical potential. This step was
aimed at supporting a basic assumption underlying the TENG-
IT concept, which is that neurons can sense different levels of
electrical potential, generated by different levels of tactile
pressure on the implanted TENG-IT (and ultimately transmit
this information as tactile sensory information to the brain). In
this experiment, we exposed the (electrically primed) DRGs to

Figure 4. a. Schematic diagram of the in vitro setup: TENG-IT (5 mm × 5 mm) was connected to the MEA system, which stimulated the DRGs
(scale: 0.3 mm). b. Raster plots of the electrophysiological response of the DRGs. The more lines and yellow appear, the higher the electrical
activity. The plots of the 10 most active electrodes, before, during, and after stimulation of all electrodes with a priming set (10 repetitions of
1000 mV, 100 Hz pulses). c. Raster plot of the DRGs once they were stimulated with voltage proportional to the TENG-IT output for a specific
pressure as measured in Figure 2d. d. Mean histogram of spikes per second, summation of all 6 electrodes in MEA plates (n = 4). e. Electrical
response of the DRGs after they were directly stimulated by the TENG-IT platform.
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external electric potential, generated by the MEA itself, and
proportional to the potential that was expected to be generated
by the TENG-IT (asmeasured in Figure 2c,d). Quantification of
the neuronal electrical activity (Figure 4c,d) showed that,
indeed, the DRGs’ electrical activity was more intensive in the
presence of higher levels of voltage used for DRG stimulation.
Our final step in the in vitro testing process was to expose

(electrically primed) DRGs to direct stimulation from the
TENG-IT (see Figures 4a and S5 for images of the experimental
setup). As shown in Figure 4e, TENG-IT stimulation elicited
electrical activity in the DRGs.
TENG-IT Implantation Provides Tactile Sensation

Capabilities and Does Not Interfere with Motor Abilities
in Rats. Mapping of the Rat’s Sensory System. To test and
validate the TENG-IT, we used a rat model, as the anatomy of
the rat tactile sensory system has been suggested to be very
similar to that of the human sensory system.38−41 To obtain
information necessary for device implantation, we performed a
preliminary dissection tomap the sensory nerve system of the rat
hind paw (Figure 5a). Prior studies have indicated that sensation
in the central plantar part of the rat hindfoot is transmitted by
the tibial nerve, via the lateral and medial plantar branches, with
additional minor contributions from the saphenous and sural
nerves.38−41 In line with these findings, we observed in all
procedures that hindfoot sensation was supplied mainly by the
medial plantar branch of the distal tibial nerve, through multiple
cutaneous branches (Figure 5a). This finding supports the

likelihood that removal of a segment of the medial and lateral
plantar nerves should anesthetize the hindfoot. Notably, the
terminal part of the distal tibial nerve is not important for
extrinsic motor function, suggesting that transection of the nerve
should not interfere with the rat’s movement capabilities (Figure
5b,c, SI Movie 2).

Sensation Assessment: von Frey Test.We divided 12-week-
old femaleWistar rats (n = 9) into 3 groups: “control” (n = 3), in
which no procedure was done; “amputee” (n = 3), in which a
segment of the left distal tibial nerve was removed; and “TENG-
IT” (n = 3), in which a segment of the left distal tibial nerve was
removed, and a TENG-IT device (surface area: 8 mm × 3 mm)
was implanted at the left hindfoot and connected with cuff
electrodes to the terminal part of the remaining portion of the
left distal tibial nerve (Figure 5b). The implanted device was
encapsulated and sealed with biocompatible materials, to
prevent inflammation. After the rats recuperated from surgery,
we monitored their movement (measured according to the
amount of time rats spent on their hindfeet over the course of 1
min) and observed no significant differences between the
groups, suggesting that all animals were well and healthy, and
their motor capability was not affected (Figure 5c, Figure S7, and
SI Movie 2).
We used a von Frey test to measure the rats’ sensation42

(Figure 5d). In this setup, increasing force is applied to the rat’s
paw from below, and once the rat senses the force, it lifts its paw.
Rats with functional tactile sensation respond to low amounts of

Figure 5. a. Schematic illustration based on anatomical dissection of the nerves of a Wistar rat’s hindfoot. b. Images of surgical implantation of
TENG-IT (8 mm× 3mm) in a rat’s left hindfoot, and post-operative recovery (scale = 1 cm). c. Percentage of time spent on hind paws for each
group, over the course of 1min. d. von Frey test setup. Arrow points to the tip of the device. e. Difference in average required peak force between
the right and left hind paws in the von Frey test, measured for three experimental groups: control, amputee, TENG-IT (P-values: **p = 0.0099,
*p = 0.0242).
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force, whereas rats lacking tactile sensation respond only to
much higher levels of force. It should be noted that even rats in
which the distal tibial nerve has been severed will eventually
respond, as high levels of force can move the entire leg, and then
the rat will notice the force that has been applied.
Since different animals are likely to have different thresholds

for sensation, we tested both hindfeet (treated and untreated) as
a within-subjects control, in addition to using a control group.
Comparing measurements in the left hindfoot (i.e., the treated
hindfoot in the amputee and TENG-IT groups), we observed
that the control group responded to a low level of force (2.69 ±
0.12g), significantly lower than that required to elicit a response
from the amputee group, which responded only to high levels of
force (14.12 ± 2.53g) (Figure 5e). Rats in the TENG-IT group,
in turn, responded to a much lower amount of force compared
with the amputee group (3.99 ± 3.54g, p-value = 0.0099); this
level was similar to the amount of force required for the control
group (Figure 5e).
Immunohistochemistry. In an effort to characterize the

nerves’ response to the surgical procedure and to the activity of
the TENG-IT, we sacrificed the rats and subsequently
performed immunohistochemistry (IHC) experiments on rats
in each group, measuring expression of neurofilaments (NF)
and myelination (Myelin) in the distal tibial nerve proximal to
the level of transection (Figure 6, Figure S8). As shown in Figure
6 and Figure S8, the amputee sample showed clusters of myelin
that were absent from the control sample; similar clusters have
previously been observed in studies of rats with damaged
peripheral nervous systems (PNS).43,44 The characteristics of
the TENG-IT sample were similar to those of the amputee
sample, suggesting that both groups experienced similar nerve
damage (due to the removal of part of the nerve). The fact that
TENG-IT rats experienced nerve damage yet showed sensory
capabilities similar to those of the control rats lends support to
our assumptions regarding the TENG-IT’s mode of operation:
namely, the cuff electrode attached to the TENG-IT bypasses
the damaged area of the nerve and relays signals to the (healthy)
nerve to which it is attached, enabling tactile sensation
capabilities to be (at least to some extent) restored.
This work demonstrated a concept for an implanted device

the TENG-ITwith the potential to restore tactile sensation

following peripheral nerve damage. The TENG-IT is a
triboelectric device that is implanted under the skin and that
translates tactile pressure into electrical potential, which it relays
(via cuff electrodes) to healthy sensory nerves, thereby
stimulating them to mimic tactile sensation. The device is self-
powered and is made of biocompatible materials (CAB:PDMS).
First, we demonstrated the device in vitro, showing that it has the
capacity to elicit electrical activity in sensory neurons (DRGs)
and that the extent of this activity is dependent on the level of
pressure (electrical potential) applied, suggesting that the device
can simulate actual tactile sensation. We subsequently
demonstrated the functionality of the TENG-IT in vivo.
Specifically, we implanted the device in rats in which a tactile
sensory nerve (the left distal tibial nerve) had been severed, and
showed that the device provided these rats with tactile sensation
capabilities, as measured by a von Frey test. IHC examination
enabled us to further characterize the biological response to
nerve transection and device implantation and activation. Our
observations support a process in which the TENG-IT enables
tactile signals to bypass damaged areas (as reflected in myelin
clusters) and to stimulate healthy nerves to which the device is
attached.
The process of developing the TENG-IT produced several

insights that may inform further development. For example, in
evaluating biocompatible dielectric materials to use in the
device, we found that CAB was preferable to nylon (for use as
the positively charged material), as CAB was much more stable
and produced higher output voltage. Moreover, in experiments
in which we simulated large numbers of “finger taps” over time,
we found that the electrical potential produced by the device
increased over time after initial use, until it reached saturation. A
similar pattern was observed when the device was placed in
biological conditions over 26 days and subjected periodically to
repeated application of pressure. We attributed the increase in
electrical potential to an increase in the roughness of the
material, which increased the active surface area and thus the
output voltage.45 This characteristic should be taken into
account in designing TENG-IT devices for medical use; for
example, it may be beneficial, prior to implantation, to first
activate the TENG-IT repeatedly until the output voltage
reaches saturation. Alternatively, it is possible that the body

Figure 6. Immunohistochemistry of the sensory nerve for rats in the control, amputee (“Amp”), and TENG-IT (“TENG”) groups. To better
characterize the nerve response to the transection and device implantation process, the nerve was stained for neurofilaments (NF, green),
Myelin (MBP, red), and nucelli (DAPI, blue); scale bar: 20 μm for images a−f, and 10 μm for g−i.
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might adapt on its own to the gradual increases in output
voltage.
Another contribution of the current study is a more in-depth

characterization of the rat’s tactile sensory system, toward the
development of an applicable rat model for restoration of tactile
sensation. Indeed, few animal models exist for this explicit
purpose. Our work suggests that transection of the distal tibial
nerve can serve as a useful model in these contexts.
To further adapt the TENG-IT device for medical use, several

additional developments will be necessary. The first is
miniaturization. The surface area of the current device is
about 24 mm2, which may be somewhat cumbersome if the
device is implanted, e.g., in a human fingertip. More broadly, it
may be useful to create an array of TENG-IT devices of different
sizes and with different levels of sensitivity for implantation in
different parts of the body. Second, it will be necessary to refine
the implantation procedure, taking into account the part of the
body in which the device is to be implanted, the configurations
of damaged and healthy nerves in the area, and the quantity of
sensory neurons connected to the nerve. The third development
is output adjustment, primarily for the purpose of matching the
“natural feeling of sensation”. Notably, such adjustment may
provide additional benefits, as recent literature suggests that
appropriate stimulation of injured peripheral nerves can assist in
nerve regeneration.46 Fourth, though we tested the durability of
our device over half a million taps and in simulated biological
conditions over 26 days, it is necessary to verify the long-term
stability and functionality of the TENG-IT device in vivo, and to
adjust its design as necessary. It should ideally be possible for the
device to function for many years after implantation without the
need for replacement.

CONCLUSIONS
The potential of TENGs as a tool for harvesting biomechanical
energy has been widely discussed,22 and prior studies have
touched upon the TENG’s potential as a tool for aiding tactile
sensation.47,48 In this work, we demonstrated an in vitro and in
vivo proof-of-concept for the capacity of TENG technology to
function as a simple, scalable, inexpensive, and self-powered
device for tactile sensory restoration, with relatively few
components and a straightforward fabrication process. If
developed to its full potential, the TENG-IT may ultimately
provide a means of restoring tactile sensation without the need
for an external power source, in addition to overcoming some of
the other drawbacks of existing neuro-prosthetic solutions (see
Table S1 for a detailed comparison of the TENG-IT to
alternative devices).

METHODS AND MATERIALS
TENG-IT Manufacturing. In general, the TENG-IT, similarly to

TENGs described in previous studies outside the biomedical
domain,25−27 is composed of several different layers with different
functions. The innermost layer is the friction layer that creates the
triboelectric effect, which allows the device to be self-powered. These
layers are separated by thin, flexible strips; these spacers allow contact
and separation of the friction layers, thus creating the triboelectric
charge. Each of the friction layers is attached to a conductive film, which
functions as an electrode that facilitates charge transfer. The device is
encapsulated in a biocompatible isolating material (PDMS and fibrin
glue) that prevents contact with the surrounding physiological
environment. We fabricated and tested devices of various sizes and
shapes, ranging between 24 mm2 and 25 cm2. Ultimately, in the
experiments for development and characterization of the TENG-IT, we
used a device with surface area of 5 mm × 5 mm; in our in vitro

experiments, we used a device with surface area of 5mm× 5mm; and in
order to adjust the device for the in vivo experiments, the device was
elongated to better fit the paw’s shape resulting in a rectangular surface
area of 8 mm × 3 mm (24 mm2).

Gold Evaporation. Kapton strips (Ka) (Dupont, Delaware, USA) at
a thickness of 125 μm served as the basis of the device structure, thus
providing high flexibility and strength. A 5 nm adhesion layer of
titanium (Ti) was evaporated by electron beam evaporation (VST,
TFDS-870) on the Kapton strip. A 100 nm layer of gold (Au) was
evaporated in the same way on top of the titanium layer serving as an
electrode.

In our experiments for characterizing the effects of Kapton thickness
on the TENG-IT’s performance, the “thick” layer of Kapton was 125
μm thick (catalog number: 677-930-79) and the “thin” layer of Kapton
was 13 μm thick (catalog number: 488-784-98).

Adhesive Treatments. To improve attachment of the dielectric
materials to the Au layer, we soaked Ka−Au strips for 30 min in
mercaptohexadecanoic acid (MHDA; Sigma-Aldrich, Rehovot, Israel),
diluted at a ratio of 1:100 in ethanol (Bio lab, Jerusalem, Israel), creating
a self-assembled monolayer of thiols for better adhesion with Nylon-6-6
(Sigma-Aldrich, Rehovot, Israel) and CAB (Sigma-Aldrich, Rehovot,
Israel).

Preparation of Dielectric Materials. PDMS (Sigma-Aldrich,
Rehovot, Israel) was mixed at a ratio of 1:10 with curing agent
(Sylgard 184, Sigma-Aldrich, Rehovot, Israel). Nylon-6-6 beads were
dissolved in hexafluoro-2-propanol (HFIP; Sigma-Aldrich, Rehovot,
Israel) at 60 mg/mL and sonicated at 45 °C for 30 min. CAB was
dissolved in methyl isobutyl ketone (MIBK; Sigma-Aldrich, Rehovot,
Israel) at 84 mg/mL. The solution was mixed until fully dissolved. CAB
and Ny electrodes were soaked in MHDA solution (7.2 mg/mL in
ethanol) to improve adhesion.

Spin Coating. The Ka−Au base was held by vacuum, and dielectric
materials (PDMS, Ny, CAB) were spin-coated onto it (Ni-Lo Scientific,
Ottawa, Canada) at rotation velocities of 1000, 1800, and 1800 rpm for
PDMS, CAB, and Ny, respectively. Each spin coat lasted 60 s, and final
rotation speed was achieved in acceleration of 200 rounds/s2. Large
samples (when the TENG-IT is larger than 10 mm × 10 mm) were
poured with 500 μL of the dielectric material in its liquid form and were
used for initial characterization of the TENG-IT. Small samples (5 mm
× 5 mm) were poured with 200 μL of the liquid dielectric coating.

Curing. PDMS-coated Ka−Au strips were cured overnight (12 h) at
60 °C (ThermoFisher Scientific, Kiriyat Shemona, Israel). Ny and CAB
Ka−Au strips were allowed to air-dry and attach overnight before
device assembly and subsequent measurements.

Wiring. The exposed Au surface area was kept clear from the coating
using elastic one-sided duct tape. Once the dielectric material was fully
attached and cured, the duct tape was removed, and a copper wire with
an exposed edge was connected using either fast-drying silver or gold
paint (Ted Pella, Redding, California, United States) applied to the
open Au area.

Spacing. Thin strips of Very High Bond tape (VHB; 3M, Teva
Pharmaceuticals, Shoham, Israel) at varying thicknesses (0, 125, 250,
500, 750, 1000, 1500, and 2000 μm) were placed on top of the PDMS
layer at each side of the upper surface area of the TENG-IT. The other
side of the TENG-IT, containing the Ny/CAB layer, was inverted and
placed directly above the PDMS layer (and separated at the sides by the
VHB strips). The final height was determined according to Figure S3,
where 750 μm demonstrated the optimal configuration.

Encapsulation. The TENG-IT was enclosed from both sides by a
thin layer of 125 μm 3M VHB, and the edges were reinforced using
Fibrin glue (Evicel - Omrix Biopharmaceuticals, J&J, Ness Ziona,
Israel).

Device Characterization. Linear Motor for TENG Pressure.
Controlled finger tapping was mimicked by an industrial linear motor
equipped with a Hall sensor feedback system (Faulhaber, Hx 3600,
Schönaich, Germany). Electricity for the system was supplied by a
connection to a 12 V standard power supplier. The motor was fixed to a
custom-designed stage built of aluminum, allowing accurate position-
ing. Motor control (and applied pressures on the device, accordingly)
was configured using EasyMotion Studio software (Faulhaber,
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Schönaich, Germany). A trapezoidal repeated loop was coded,
producing ongoing and continuous tapping of the motor. Basic
movement was set from a height of 0 mm (full contact with TENG-IT)
up to 14 mm (no contact at all). The pressure was calculated using eq 2.
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whereMrod stands for the mass of the linear motor rod and head caps, as
measured experimentally (105 g); Amotor is the acceleration downward
of the rod as set in the software; and Sdevice is the device surface area
upon which the pressure was applied.
Recordings. The two TENG-IT electrodes were connected to a V/I

reader (NI6003; National Instruments [NI], Holon, Israel). Open
circuit voltage was measured and recorded using the NI DAQExpress
2.0 software. Sampling rate was set to 25,000 Hz. Records of the TENG
output voltage were analyzed using a custom-designed MATLAB code.
TENG-IT Data Analysis. All experiments were carried out three

times. Records of 30 s of the TENG-IT output voltage were exported in
.csv format and analyzed using a custom-designed MATLAB code.
TENG-IT Characterization in Dry Conditions. Encapsulated TENG-

IT devices were placed in a Petri dish over 36 h. The motor tapped at a
frequency of 4.5 Hz continuously.
TENG-IT Characterization in Biological Conditions. Encapsulated

TENG-IT devices were placed in a Petri dish, covered with PBS, and
placed in a biological incubator at 37 °C for 26 days. In each
measurement, the motor tapped at a frequency of 1 Hz for 30 min.
Statistical analysis was done on 30 s recordings after the 30 min tapping
period.
In Vitro DRG Activation.MEA Coating Plates.MEA plates (Multi

Channel Systems 200/30; Multi Channel Systems, Reutlingen,
Germany) were ozonized for 30 min under UV light sterilization. A
day before cell culturing, plates were coated with 500 μL poly(D-lysine)
(PDL) (Sigma-Aldrich, Rehovot, Israel), mixed with PBS (Sigma-
Aldrich, Rehovot, Israel) at 1:50, and incubated overnight. On the day
of seeding, PDL was removed, and plates were washed three times with
PBS before being coated with 1 mL laminin solution (20 μg/mL in
plating medium) (Sigma-Aldrich, Rehovot, Israel). Plates were
incubated for 2 h before seeding, and were washed twice with PBS
before seeding.
DRG Extraction and Cell Seeding. ICR mouse embryos (Envigo

Laboratories, Jerusalem, Israel) at E12.5 were iced and then soaked in
Hanks’ Balanced Salt solution (HBSS; Sigma-Aldrich, Rehovot, Israel).
The spinal meninges was separated according to the protocol described
thoroughly by Perlson et al.49 DRG explants were isolated from the
meninges by surgery under the microscope from L1 to L9 and placed at
the center of the MEA plate (1 explant for each plate, approximately
2000−3000 cells). Explants were covered with 5 μL of Matrigel
(Corning, New York, United States) enriched with aqueous nerve
growth factor (NGF) solution (Alomone laboratories, Jerusalem Israel)
at 5 μg/mL. The ratio between the NGF solution and the Matrigel was
1:100, in order to make sure the explants were tight and as close to the
electrodes as possible. Explants were placed in an incubator (37 °C, 5%
CO2) for 30 min before adding 2 mL of culture medium to each plate.
The medium was composed of 96%Neurobasal (Gibco, ThermoFisher
Scientific, Rhenium, Modi’in-Maccabim-Re’ut, Israel), 2% B-27
(Gibco, Rhenium, Modi’in-Maccabim-Re’ut, Israel), 1% penicillin−
streptomycin (Sigma-Aldrich, Rehovot, Israel), and 1% GlutaMAX
(Gibco, ThermoFisher Scientific, Rhenium, Modi’in-Maccabim-Re’ut,
Israel). The medium was freshly enriched with 5 μL/mL NGF on the
day of the medium addition/replacement. Medium was replaced on the
day following the seeding and once every 2 days thereafter. Electrical
activity measurements were done at DIV 4.
Electrical Activity Measurements. MEA plates were inserted into

the mini-MEA reader (Multi Channel Systems) while inside the
incubator. The reader was connected to the recording computer
through a designated adapter and controller (Multi Channel Systems).
Recordings were done at a sample rate of 10,000 Hz. For each plate or
sample, baseline activity was recorded for 5 min. Then, each MEA plate
was exposed to stimulation (either chemical stimulation, electrical

stimulation via the MEA, or TENG-IT stimulation; see below), and the
6−10 most active electrodes in the plate were analyzed.

MEA Data Analysis. Raw data from all electrodes were recorded in
Multi Channel Systems Experimenter software. Further analysis was
done using NeuroExplorer software. Data were band-pass filtered in the
neuronal range of activity (200−4000 Hz). Spike detection was applied
for 4 standard deviations lower and upper edge thresholds. Raster plots
and rate histograms were generated for the 6most active electrodes that
had visible axonal growth/cell body presence in their area.

Chemical Stimulation. For each plate, 50 mM potassium chloride
(KCl; Sigma-Aldrich, Rehovot, Israel) was added to the culture
medium. Recording was stopped after 2 min or when there was no
observed electrical activity, the later of the two.

Electrical Stimulation/Priming via the MEA. Stimulation of the
DRGs was done by the inner signal collector unit (SCU) stimulator
function provided by the MEA system’s software (Experimenter
Software, Multi Channel Systems). All 60 electrodes were used as active
stimulators. A “priming set” of stimuli was applied to each culture. The
priming set consisted of a sequence of 10 bursts of pulses, with intervals
of 10 s between consecutive bursts. Each burst consisted of 10
repetitions of a 1000 mV pulse with a pulse width of 750 μs, and at a
frequency of 100 Hz. The total duration of the priming set was 100 s.
This priming procedure is based on earlier studies regarding stimulation
of DRGs on MEA.37 Recording was stopped after 5 min or when there
was no observed electrical activity (1 or less observed spike per minute),
the later of the two.

In our experiments aimed at assessing DRG response to varying
levels of voltage, stimulations at increasing amplitude of voltage were
applied (10, 50, 100, 250, 500, 750, 1000, and 1500 mV accordingly).
Each sample was primed once for 10 repetitions of 1000 mV, 100 HZ
pulses. Next, the stimulation began with a 2 min baseline recording.

TENG-IT Stimulation.After undergoing theMEA priming procedure
outlined above, the DRGs were stimulated by the TENG-IT, which was
connected to the MEA via metal cables. The TENG-IT was set to 10
stimulations per second for 0.5 s.

TENG Implantation in Rats and Evaluation of Tactile
Sensation. Device Preparation. The TENG-IT devices designated
for implantation each had a surface area of 8 mm × 3 mm; the average
peak-to-peak voltage output that was measured prior to implantation
was 1.0−1.5 V. All devices were sterilized with ethanol and PBS prior to
the implantation process.

Animals and Sequence of Procedures. Female Wistar rats (12
weeks old; n = 9) were obtained from Envigo Israel and housed with a
12 h light/dark cycle and were fed with autoclaved rodent pellet
(Koffolk 19−510; Koffolk Ltd., Petach Tikva, Israel) and sterile water
ad libitum. All experimental procedures were approved by the Tel Aviv
University Animal Care Committee according to national guidelines
(permit #01-19-029).

Prior to initiation of the surgical procedures, all rats (control,
amputee, and TENG-IT groups) were placed in the animal house for a
week for an adjustment period. Rats that underwent implantation
surgery recovered for 10 days prior to the von Frey test. The von Frey
test was performed on each rat approximately every 3−4 days, over the
course of 19 days (5 measurements per rat). Afterward, the animals
were sacrificed, and their tissues were fixed and stained for
immunohistochemistry.

Surgical Nerve Mapping. An inverted L incision was made in the
hind paw, on the lateral side. The skin flap was elevated from lateral to
medial. Sensory branches to the skin were cut. The distal tibial nerve
and its branches were identified and dissected. In all hind paws, medial
and lateral plantar nerves were observed. We observed that the medial
plantar nerve had sensory branches in most of the central part of the
paw, with contribution of the lateral plantar nerve on the lateral side.
The medial tibial branch was branched across the medial 4 digits, and
the lateral plantar nerve branch was branched across the lateral 2 digits.

Surgical Procedures: Sensory Nerve Transection and TENG-IT
Implantation. For surgery, rats in the amputee and TENG-IT groups
were anesthetized, and then an incision was made in the lateral part of
the left posterior foot (as described earlier), and a segment of themedial
and lateral tibial nerves was removed.
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For rats in the TENG-IT group, the TENG-IT was placed
subcutaneously in the central part of the rat’s paw and then attached
to the terminal part of the transected tibial nerve using a cuff electrode
(2 Micro Cuff Tunnel 0,0000 1.556,70 200/Pt−Ir/2 mm long/0.5 mm
C2C/0.2 × 0.5 mm O/Cable 30 cm entry lateral − weld tube 001;
CorTec, Saint Paul, Minnesota, United States). A 9-0 nylon suture was
used to secure the positioning and the attachment of the cuff to the
nerve.
The surgical incision was sutured with a 5-0 nylon suture, and the rats

were treated with antibiotics and painkillers (Rymadil; Vetmarket,
Shoham, Israel). After the surgery, the rats recovered for 10 days before
the von Frey tests.
Post-Op Care. The rats were placed in Tel Aviv University’s animal

care facility and allowed to move as tolerated with no immobilization.
Each rat wore a protective collar on its neck for 3 days post-op to
prevent the rat from damaging the healing wound. Pain medication and
antibiotics were administered during the first week of recovery. Wound
recovery and weight were assessed daily. After approximately 10 days,
full recovery of the surgical wound was observed.
Post-Recovery Movement Assessment. To assess rats’ movement

following the surgical procedure, we filmed all rats, including those in
the control group, and quantified the amount of time each rat spent on
its hind paws over the course of a 1 min video.
Von Frey Test.The von Frey apparatus (Ugo Basile, Italy) consists of

an elevated horizontal wire mesh stand. The rat stands on top of the
wire mesh, inside a plexiglass enclosure with an open bottom. Pressure
is applied to the rat’s paw from below, using a tip. When the rat lifts its
foot, indicating that it has sensed the pressure applied,50 the maximal
force applied is automatically recorded by an electronic device. Each rat
underwent the von Frey test once every 3 or 4 days, over the course of
19 days, as noted above. Each animal was subjected to 5 measurements
in each hind leg, on each measurement day.
Statistics. All experiments were carried out at n = 3−4 per condition

(repetitions and samples/cohorts). Prism software (GraphPad
Software, La Jolla California USA) was used for one-way ANOVA
with a Sidak post-test and for two-way ANOVA, analyzed with a Tukey
post-test. A nonpaired Student’s t test was used to test the significance
of differences between conditions.
Immunohistochemistry. Nerve tissues were fixed in 4% parafor-

maldehyde (PFA) solution (Bio lab, Jerusalem, Israel), dehydrated in
increasing concentrations of ethanol and xylene, embedded in paraffin,
and sectioned to 5 μm. Deparaffinized and rehydrated sections were
incubated for antigen retrieval with 0.01 M sodium citrate in ddH2O,
pH 6.0, followed by extensive rinses in ddH2O, and blocked with 10%
normal goat serum (Jackson Laboratory, Bar Harbor, Maine, United
States) in PBS containing 0.1% bovine serum albumin (BSA; Sigma-
Aldrich, Rehovot, Israel). Sections were incubated overnight at room
temperature in a humidified chamber with either rabbit polyclonal Anti-
Neurofilament heavy polypeptide antibody (Abcam, Zotal, Tel Aviv,
Israel) (diluted 1:200) or mousemonoclonal Anti-Myelin Basic Protein
antibody (Abcam, Zotal, Tel Aviv, Israel) (diluted 1:200). Secondary
antibodies Alexa goat anti-mouse 594 and goat anti-rabbit 488
(Invitrogen, Rhenium, Modi’in-Maccabim-Re’ut, Israel), diluted
1:750, were used as secondary antibodies and incubated for 1 h.
Sections were washed with PBS and mounted with DAPI Fluoromount
G (SouthernBiotech, Birmingham, Alabama, United States). Negative
controls were incubated only with secondary antibodies and with only
one primary antibody, followed by both secondary antibodies for IF
double-staining experiments. Image visualization was performed on an
Olympus FV3000 confocal microscope, with a UCPLFLN × 20
objective/0.7 NA. The acquisition and analysis software program was
FLUOVIEW.
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