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pump.[12] But in this method, a complicated external signal 
generator/transmitter is needed and the working conditions 
for remote power transmission are strict. On the other hand, 
implantable materials that harvest energy from chemical, 
mechanical, electrical, and thermal processes in the human 
body have been demonstrated, such as using biochemical reac-
tion,[13] the electric potentials in human body,[14] mechanical 
movements of body parts,[15] and the vibration of organs using 
piezoelectric nanogenerator.[16] However, none of these solu-
tions are applied in implantable drug-delivery applications due 
to their relatively large footprint and small output.

Recently, researchers have invented the triboelectric nano-
generator (TENG).[17,19] TENG offers an effective method to 
harvest ambient mechanical energy and transfer it into elec-
tricity. Its working principle is based on the combination of 
contact electrification and electrostatic induction.[20] When two 
tribomaterials with opposite polarity come in contact—separate 
with each other, an electrification potential is built between 
the two tribomaterials. The potential difference leads contact-
induced charges to transfer between the electrodes which are 
attached on the tribomaterials. The current could be used for 
powering devices.[21,22] TENG has a simple structure, thus it 
can be greatly miniaturized and fabricated using soft mate-
rials.[19] At the same time, TENG generates a strong output that 
ranges up to a few milliwatts (mW).[23] Therefore, TENG can 
be implanted to harvest the energy from body/organ’s motion 
and engineered as an ideal power source for implantable bio-
medical devices. For example, Zheng et al. have demonstrated 
the use of an implanted TENG to power a pacemaker in vivo. 
The study validated the feasibility for developing TENG-based 
implantable biomedical devices.[2] The sustained biokinetic 
energy would make implantable devices self-powered with the 
help of TENG. Such TENG-enabled implantable devices would 
be a promising approach toward self-powered iDDS with sus-
tained biokinetic energy.

In this communication, we present the first TENG-based 
self-powered iDDS for drug-delivery applications. The device 
comprises an electrochemical microfluidic pump which is pow-
ered by TENG. The working performance of the self-powered 
device is characterized. As a demonstration, trans-sclera drug 
delivery is performed in porcine eyes ex vivo. The iDDS derives 
its functional power from the energy harvested from human 
body’s motion through TENG for drug delivery.

Fabrication Result: The self-powered iDDS is composed of 
an energy harvesting system (TENG) and a drug pumping 
system (iDDS). Figure 1B illustrates the schematic diagram 

With the rapid growth of microscale implantable devices, 
their applications in diagnostic sensing,[1] stimulating tissues/
organs,[2,3] monitoring body functions,[4,5] imaging,[6] and deliv-
ering drugs[7,8] have been demonstrated. For example, implant-
able drug-delivery system (iDDS) has made localized treatment 
feasible with high drug delivery efficiency and great control-
lability in delivery time and rate.[7,9,10] Such devices are useful 
in the treatment of diabetes, ocular disease, and cancer. So far, 
most of these devices need an external power source such as 
lithium-ion batteries for activation. Desirably, iDDS is greatly 
miniaturized, and the battery is smaller. However, it has a lim-
ited lifetime due to the limited energy storing capacity of the 
small size battery. This calls for frequent unwanted surgeries 
for device replacement for a sustainable treatment. Apart from 
the risk and cost involved in using iDDS, the frequent need for 
surgeries also reduces patient’s willingness of adapting these 
new therapies. To overcome this challenge of continuously 
powering an iDDS, it is critical to find a sustainable powering 
solution. On one hand, wireless power transmission is being 
studied.[5,11] Researchers have demonstrated the use of metal 
coil in the device to harvest energy from radio-frequency signal 
generated from a transmitter for powering a drug-delivery 
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of the TENG. Two layers of metal Cu patterned with radial-
arrayed strips were assembled as a rotator and a stator. A layer 
of poly(tetrafluoroethylene) (PTFE) film was pasted in between 
the two metal layers as the electrification material. This simple 
structure makes TENG easily miniaturized and flexible. The 
photograph of the TENG packaged in glass epoxy is presented 
in Figure 1D. Figure 1C illustrates the schematic diagram of 
the drug pumping system which comprises: i) the PDMS 
drug reservoir, ii) the PDMS microtube, and iii) a pair of Au 
electrodes on silicon substrate for electrochemical pumping, 
respectively. The dimension of the reservoir was determined to 
be 10 mm long, 10 mm wide, and 2 mm thick, which is suit-
able for subcutaneous implantation.[7] PDMS was used as the 
main material for constructing the iDDS for its proven highly 
biocompatibility in implantation.[7] Another attractive feature 
of using a PDMS drug reservoir is its refillability for its drug 
contents.[11] The proposed TENG-based iDDS can be suitably 

implanted in subcutaneous tissues or under 
the eye’s sclera, which are easily accessed by 
a syringe. Also the silicone-based drug reser-
voir enables multiple needle pokes without 
causing any leakages. The PDMS micro-
tube connected to the reservoir had a length 
of up to 100 mm and an outer diameter of 
0.5 mm and inner diameter of 0.3 mm. The 
PDMS microtube takes advantage of small 
size and great elasticity thus it can be easily 
implanted to target sites by a minimally inva-
sive implantation surgery. The use of this 
microtube alleviates the need to implant the 
entire device deeply into the tissue. Au elec-
trodes, 5 mm long, 5 mm wide, and 0.5 mm 
thick, were constructed on a silicon substrate 
through photolithography to achieve 40 µm 
pattern sizes. The substrate was integrated 
at the base of the PDMS drug reservoir. The 
photograph of the proposed iDDS is pre-
sented in Figure 1E–G.

Self-Powered Drug Pumping with a TENG: 
To achieve self-powered drug pumping, the 
TENG-based energy-harvesting system and 
the drug pumping system were connected 
using wires. Figure 2 shows the working 
principle of this application. The basic 
working mechanism of TENG was reported 
previously.[23] Briefly, upon rotation of TENG, 
the Cu grating on the rotator slides along 
the PTFE film, injecting electrons from 
rotator Cu to the PTFE film due to the con-
tact electrification to build potential differ-
ence between the two materials. Thus, an 
AC current can be generated between the Cu 
electrodes on the stator. The whole process is 
demonstrated in Figure 2A. The open-circuit 
voltage and short-circuit current of TENG 
were measured and shown in Figure 3A,B. 
In our application, the output of the TENG 
was transformed and rectified to DC cur-
rent before it was applied onto the Au elec-

trodes for the electrochemical pressure pumping (Figure 3C,D). 
This ensured a continuous flow of electrons to the cathode, 
making it negatively charged and the anode electrode positively 
charged. The potential built between the Au electrodes initiated 
the water splitting process. According to the electrolysis effect, 
the water splitting process can be explained by the following 
Equation (1a) and (1b)

4OH 2H O O 4 anode2 2 e ( )→ + +− −

 (1a)

4H 4 2H cathode2e ( )+ →+ −

 (1b)

Oxygen and hydrogen gases were generated on the anode 
and cathode, respectively, to pressurize the drug reservoir 
(Figure 2B–E and Figure 4C,D). Eventually, the drug contents 
in the reservoir were pumped out through the microtube. 
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Figure 1. Structural designs and photographs of the TENG and the iDDS. A) Schematic illus-
tration of the TENG-based iDDS. B) Schematic illustration of the parts in TENG. C) Schematic 
illustration of the parts in iDDS. D) Photograph of the TENG packaged in glass epoxy. The scale 
bar indicates 10 mm. E) Photograph of the iDDS. The scale bar indicates 10 mm. F) Side-view 
photograph of the iDDS. The thickness measured is 2 mm. G) Photograph of the iDDS on a 
human hand.



C
O

M
M

U
N

IC
A
TIO

N

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (3 of 7) 1605668

The drug-delivery speed corresponds to the gas production 
rate in electrolysis, which is determined by the rate of gene-
ration of electrons in TENG, represented in terms of output 
current. It should however be noted that a small amount of 
drug ions could participate with the electrochemical reaction 
that may produce byproducts. To prevent this, a parylene-C 
membrane may possibly be placed on top of the electro-
chemical actuator to separate electrolytes (deionized (DI) water) 
and drug solutions in our next prototype (see Figure S4 in the 
Supporting Information). Parylene-C can also be coated on 
the poly(dimethylsiloxane) (PDMS) reservoir which could act 
as a sealing, anticorrosion, hydrophobic antifriction, and bio-
compatible barrier for iDDS.[24] PTFE deposition on the inner 
wall of drug reservoir is suggested to enhance its chemical 
compatibility.[25]

To increase the drug-delivery efficiency, we engineered the 
electrochemical pressure pump to enhance the output current 
of the TENG for a higher water splitting speed. In our electro-
chemical pressure pump, ultrapure DI water was used as the 
electrolyte. However, the large resistivity of ultrapure DI water 
(18.2 MΩ cm) makes TENG less efficient in electrolysis due to 
the small output current. Based on the definition of resistivity, 
the resistance in the electrolysis process can be defined as:

Resistance
l

A
ρ( )Ω =

 
(2)

where ρ represents the electrical resistivity coefficient of 
pure water, l is the distance between the electrodes, and A is 
the cross-section area of the electrodes. To reduce the large 
resistance, we utilized an interdigital electrode design with a 
40 µm gap between anode and cathode, which is much smaller 
than conventional electrode design (see the comparison in 
Figure 4A,B). Also, the cross-section areas in the interdigital 
electrode are increased by the fold of 2N − 1 (N is the number 
of electrode’s fingers) compared to conventional two finger 
electrodes. Thus, our design significantly reduced the resist-
ance between the electrodes to about 10 kΩ. With this setting, 
the output current of TENG reached about 1.5 mA at an 
output voltage of 15 V (Figure 3C,D) under the rotating speed 
of 500 rpm, which is sufficient for electrochemical pumping 
(Figure 4C–F). However, it is important to note that, the drug 
content used in pumping would result in a different resistivity 
than that with ultrapure DI water. To achieve a large output 
current from TENG, the gap distance between the electrodes 
should be modified to achieve the loading resistance matching 
with TENG. For another solution, a two-chamber drug reservoir 
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Figure 2. Working principle of the TENG-based self-powered iDDS. A) Schematic illustration of working principle of the TENG. B) Schematic illustration 
of the working principle of the electrochemical pressure pumping. C) Amplified photograph of the gold electrodes. D) Amplified photograph of the gold 
electrodes with air bubbles that were generated from electrochemical pressure pumping. E) Principle of water electrolysis.
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design can be used to separate drug solution and electrolytes 
(DI water), reported in our previous publication.[26]

Earlier studies have shown that the electron generation 
rate in TENG corresponds to the contacting frequency of the 
Cu metal parts on its two layers.[23] In this experiment, we 
measured the drug-delivery flow rate by varying the rotation 
speed of the TENG, as shown in Figure 4G. The measure-
ment is based on quantifying the water flowing distance in 
the PDMS microtube (Figure 4E,F) and calculated based 
on Equation (3). When the rotating speed was 300 rpm, 
the output voltage of the TENG reached about 5 V and the 
delivery flow rate was about 5.3 µL min−1. We measured a 
40 µL min−1 flow rate when the rotating speed was 600 rpm. 
Higher rotating speed may damage the structure of TENG.[27] 
Considering the primary function of our system is to harvest 
energy from human’s motions that would drive the TENG 
operating at slow speeds, we have chosen lower rpm values 

to characterize the performance of TENG-based iDDS. Ways 
to improve the long-term robustness of TENG have also 
been reported.[28] The currents applied on the electrochem-
ical pump under different rotating rpms are presented in 
Figure S5 in the Supporting Information. Previous studies 
showed that the efficiency of rotating TENG in water elec-
trolysis was calculated to be 43.8%.[23] Generally speaking, 
higher rotating speeds yield higher delivery flow rates and 
there is an approximately linear relationship between them. 
It must be noted that delivery flow rates differ in pumping 
solutions with different densities. A detailed discussion is 
provided in the Supporting Information. Indeed, the elec-
trochemical drug pumping was also performed using the 
energy harvested from the rotation of TENG by human hands 
(Figure 3E,F). The delivery flow rate in this case was about 
1.2 µL min−1. The self-powered drug pumping by hands can 
be found in Movie S1 in the Supporting Information.

Adv. Mater. 2017, 1605668
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Figure 3. Characterization of the TENG-based self-powered iDDS. A,B) Open-circuit voltage (A) and short-circuit current (B) of TENG under the 
rotating speed of 500 rpm. C,D) Voltage (C) and current (D) of the TENG applying a transformer and a rectifier. E,F) Voltage (E) and current (F) of 
TENG under the hand rotating mode (the voltages and currents in the figures were not measured simultaneously).
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Ex Vivo Trans-Sclera Drug Delivery: As a proof of concept, 
the self-powered iDDS was tested with enucleated porcine 
eyes ex vivo. The PDMS microtube was used to penetrate the 
physiological barrier in ocular drug delivery. A 1 mm incision 
was made on the sclera and the PDMS microtube of the 
device was inserted into anterior chamber through the inci-
sion (Figure 5A,B). This implantation method has been widely 
used in commercial glaucoma valves (e.g., Ahmed Glaucoma 
Valve, New World Medical Inc.) and also employed in other 
ocular drug-delivery studies.[9,29] After implantation, the drug 
pumping was started by hands operation on TENG to deliver 
50 µL volume of micrometer-sized fluorescent particles suspen-
sion into the anterior chamber of porcine eyes. The micropar-
ticles offer a suitable model to simulate the controlled release 
of drug carriers and enable fluorescent imaging to trace the 
delivery.[30] The eye’s anterior chamber was then imaged to 
confirm the success of microparticles delivery (Figure 5D,E). 
Compared to topical eye drops of large volumes, the trans-sclera 
drug delivery requires smaller volumes of drug and generates 
sufficient effects for treating eye diseases such as glaucoma.[31] 
Clinicians suggest 50–500 nL of daily dosage for sustained 

treatment, which renders the TENG-based self-powered iDDS 
with prolonged usability for at least 500 d.[32] This daily dosage 
is much smaller than the injection volume that could cause rise 
in intraocular pressure.[33] Moreover, the refillability of the drug 
reservoir further enhances the working life of the proposed 
device.

Several iDDSs have been investigated for highly efficient 
ocular drug delivery.[9,29] However, powering such devices is 
extremely difficult due to their limited sizes and the clinical 
restrictions postdevice implantation. In our approach, we 
offer a TENG-based solution to harvest the endless biokinetic 
energy for powering the implantable device. This method 
totally bypasses the needs for external power sources (e.g., bat-
tery). Our study shows that the self-powered iDDS could be a 
viable option to overcome the difficulties in both efficient drug 
treatment and sustained operation. Having concluded this, 
we would like to emphasize the developments of TENG that 
are contributing to advances in designing implantable treat-
ment devices. First, the further miniaturization of TENG has 
enabled the feasibility of a fully implantable treatment device. 
The implantable TENG and wearable TENG is able to harvest 
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Figure 4. Pumping performance of the TENG-based self-powered iDDS. A,B) Schematic illustration of the conventional electrode and the interdigital 
electrode design. Black arrow indicates the gap between electrodes. C) Photograph of the drug reservoir before pumping. D) Photograph of the pres-
surized drug reservoir during pumping. E,F) Microscopy images of water pumped in the PDMS microtube. Scale bars represent 300 µm. G) Pumping 
flow rate as a function of the rotating speed of TENG. Data are presented as mean ± SD (N = 5).
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energy directly from organs/tissues’ vibrations or slight body 
motions[2,22] Second, recent reported technology in soft and 
deformable microneedles device can be combined with the 
concept of self-powered drug delivery to enable ease-of-use, 
surgery-free, and battery-less treatment devices.[34] Third, 
multifunctional micromedical devices have drawn researchers’ 
attention.[35] The noteworthy potential of TENG-based devices in 
biosensing (e.g., pressure sensing and droplet sensing) has also 
been investigated.[36] We foresee this unique multifunctional 
feature of TENG as a major benefit for designing a much 
smarter iDDS. For example, TENG could be used in moni-
toring eye pressures in glaucoma treatment and in the mean-
while providing a continuous power for ocular drug delivery for 
regulating high eye pressure.

In summary, the recent concept of TENG, has been utilized 
for developing a small size, batteryless implantable treatment 
device. We present the first TENG-based self-powered iDDS and 
demonstrate its functionality for ocular drug delivery. Pumping 
flow rates from 5.3 to 40 µL min−1 under different rotating 
speeds of TENG have been realized. Indeed, the iDDS can be 
powered with a TENG device rotated by human hand motion. 
As a proof-of-concept, we demonstrate the ex vivo trans-sclera 
drug delivery in porcine eyes using the TENG-based self-pow-
ered iDDS by utilizing the biokinetic energies of human hands. 
This work underlines the innovations in TENG-enabled self-
powered iDDS for developing novel therapeutic approaches in 
treating chronic diseases.

Experimental Section
Fabrication of TENG: The TENG was composed of three layers 

(Figure 1A): i) a layer of metal Cu patterned with radial-arrayed strips,  
ii) a layer of PTFE film, and iii) another layer of metal Cu patterned with 
two sets of complementary radial-arrayed electrodes. The metal structure 
was fabricated by using a standard printed circuit board technology 

that was reported previously (Figure S1, Supporting Information).[18] 
The TENG layers were packaged in plastic sheets for motor driving 
(Figure 1C). Two wires were connected to each side of the electrodes for 
producing the output current. The PTFE film was flattened and pasted 
on the layer of Cu electrodes.

Fabrication of iDDS: The iDDS consisted of three parts (Figure 1B): 
i) an electrochemical pressure pump, ii) a PDMS drug reservoir, and  
iii) a long microtube. The pressure pump was fabricated by using 
standard photolithography and e-beam metal-deposition method to 
achieve the interdigital Au/Ti electrodes on a silicon wafer, as mentioned 
in our previous publications.[7,26,37] The drug reservoir was fabricated by 
using PDMS soft lithography method on a 3D printed-ABS mold. The 
long tube was made by heat curing of PDMS coated on a Tungsten wire. 
The three parts were assembled together using PDMS as adhesive. The 
finished device measured 10 mm long, 10 mm wide, and 2 mm high 
(Figure 1C–E). The tube was 50 mm long, with an outer diameter of 
0.6 mm, and inner diameter of 0.3 mm. The electrochemical pressure 
pump was connected to TENG through the wires. The details of 
device fabrication can be found in Figure S2 and S3 in the Supporting 
Information.

Measurement: The TENG was driven by a motor. The output 
voltage and current of the TENG were measured by low-noise voltage 
preamplifiers (Keithley 6514 System Electrometer and Stanford Research 
SR570). The drug-delivery flow rates under TENG rotation at different 
speeds were measured according to Equation (3). The output current 
measurement under each rotation speed can be found in the Supporting 
Information. The volume of water delivered from the device in 60 s 
was calculated by measuring the liquid moving distance in a PDMS 
microchannel (Figure 4E,F). 

H W D
t

Flow Rate L min
mm mm mm

min
1( ) ( ) ( ) ( )

( )µ = × ×−

 
(3)

In Equation (3), H is the height of the PDMS microchannel, W is the 
width of the microchannel, D is the flow moving distance measured, 
and t is the time. The data are presented as the mean volume of water 
delivered (with standard deviation).

Ex Vivo Ocular Drug-Delivery Study: Enucleated porcine eyes were used 
to conduct the initial ex vivo studies. The study protocol was approved 
by the institutional animal care and use committee (IACUC) at Nanyang 

Figure 5. Ex vivo drug delivery study of the TENG-based self-powered iDDS. A) Schematic illustration of the device implantation for drug delivery 
in the anterior chamber. B) Photograph of the experiment after implantation surgery. C) Amplified photograph of the anterior chamber after PDMS 
microtube implantation. The white arrow indicates the microtube insertion point. D,E) Fluorescent microscopy of the anterior chamber before and 
after the delivery of fluorescent microparticles. Scale bars represent 200 µm.



C
O

M
M

U
N

IC
A
TIO

N

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (7 of 7) 1605668Adv. Mater. 2017, 1605668

www.advancedsciencenews.com www.advmat.de

Technological University (ARF-SBS/NIE-A0312). A minimally invasive 
surgical technique was developed to insert the PDMS microtube in the 
anterior chamber of the eye to achieve trans-sclera drug delivery; drug 
treatment in this location is needed for treating ocular diseases such 
as glaucoma. In detail, a 1 mm incision was made on the sclera, then 
an 18 gauge needle was used to create a tunnel to anterior chamber. A 
PDMS microtube was inserted into the anterior chamber through the 
tunnel. Following microtube implantation, the self-powered functionality 
of the device was tested by operating the human-hand-driven TENG. 
Fluorescent polystyrene microparticles (≈2 × 107 particles mL−1, 
Fluoresbrite YG Microspheres ≈5.7 µm, Polysciences Inc.) in DI water 
were used to trace the drug perfusion in eye. After delivery, the porcine 
eyes were imaged under an inverted microscope. The details of 
the imaging method can be found in Figure S6 in the Supporting 
Information.

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