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Energy Sources for Micro/Nanorobots

Microfabricated Solar Cells, Micro Fuel Cells, Thin-Film Batteries 

Energy Harvesting Methods for Micro/Nano-Devices 

Nanosensors Nanodevices

Micro-robot MEMS
Medical devices

Biosensor
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Nano-Grid

Size and magnitude matters!
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Wireless biosensor networks: complete monitoring

Table 1. Mechanical energy from typical body motions and the expected electrical energy can be 
generated.

Activity Mechanical Energy       Electrical energy available Electrical energy per 
movement
Blood flow 0.93W 0.16W 0.16J
Exhalation 1.00W 0.17W 1.02J
Breath 0.83W 0.14W 0.84J
Upper limbs 3.00W 0.51W 2.25J
Fingers type 6.9-19mW 1.2-3.2mW 226-406μJ
Walk 67.00W 11.39W 18.9J

How much energy does each of us have?
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Wireless health and environmental monitoring

Energy harvesting
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Mechanical energy harvesting

Characteristics:
1. Low frequencies;
2. Large frequency range;
3. Time-dependent;
4. Irregular amplitudeEnergy harvesting – a new industry!
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Piezoelectric effect

- Piezoelectric potential;
- Lower doping;
- Partial screening effect
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2 μm

10 μm

Controlled growth 
of ZnO nanowires

Zn(NO3)2·6H2O and (HMTA) 

Xu et al. JACS, 130 (2008) 14958;

Qin et al. J. Physical Chemistry C, 
112 (2008) 18734 
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Publication statistics on one-dimensional nanostructures for ZnO and Si

ZnO nanowires and nanobelts have equal importance as silicon 
nanowires and carbon nanotubes!

ACS Nano, online
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Science 291 (2001) 1947.
Cited for 2450 times
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nanovation

Thomson-Reuters, 2008

Circle diameter αal # Publications
Lines = Many Cross References

Nano ZnO Research

Based on bibliometric data from information-services provider Thomson Reuters, this map reveals “core areas” of physics, 
shown as coloured circular nodes, and the relationship between these subdisciplines, shown as lines.  From Physics World, 
October (2008) 36-37.
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Converting mechanical energy into electricity energy by Converting mechanical energy into electricity energy by 
piezoelectric piezoelectric ZnOZnO nanowiresnanowires

Wang and Song, Science 312 (2006) 242.
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Piezoelectric Potential, a = 25nm
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The piezoelectric potenital is 
much largter than kT (25 mV),
and is strong enough to drive 
the Schottky diode

Nano Letters, 7 (2007) 2499-2505;      Nano Letters, 9 (2009) 1103 
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Working principle of piezoelectric Working principle of piezoelectric nanogeneratornanogenerator
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Piezoelectric charges are ionic charges from the polarization of atoms;
Piezoelectric charges cannot be quickly depleted by free electrons, 

although screening is possible;
Piezoelectric potential preserves to tens of seconds if strain is 

maintained;
Piezoelectric potential quickly disappears after strain is released.  
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electrons;
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Wang , Adv. Functional Mater.
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The key role played by Schottky barrier in nanogenerator

Nano Letters, 8 (2008) 328-332



www.nanoscience.gatech.edu/zlwang 20

100
mV

0

-20

p-type

n-type

Energy generation using p-type and n-type nanowire arrays measured using the 
same equipment and same AFM tip

Nano Letters, 9 (2009) 1223 
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Piezoelectric power generation using the p-type ZnO NW arrays

Characteristics: 
- positive output voltage; 
- output is created when the tip touches the

stretched side of the NW
Nano Letters, 9 (2009) 1223 
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Piezoelectric power generation using the n-type ZnO NW arrays 

Characteristics: 
- negative output voltage; 
- output is created when the tip touches the

compressed side of the NW
Nano Letters, 9 (2009) 1223 
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For applications in wireless nanorobotics, remote sensing, 
implantable biomedical devices and MEMS 

what do we need? 

• we must eliminate the use of AFM for making the mechanical 
deformation of the NWs so that the power generation can be 
achieved by an adaptable, mobile and cost-effective approach 
over a larger scale. 

• All of the NWs are required to generate electricity 
simultaneously and continuously, and all the electricity can be 
effectively collected and output. 

• The energy to be converted into electricity has to be provided 
in a form of wave/vibration from the environment, so the 
nanogenerator can operate “independently” and wirelessly. 
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From a single scanning AFM tip to an array of integrated tips to trentches

Science, 316 (2007) 102-105
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Science, 316 (2007) 102-105
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Output current and voltage signals by connecting two single-layered NGs in 
parallel and anti-parallel, and serial and anti-serial, illustrating the 3D 

integration of the NGs for raising output power

Nano Letters, 8 (2008) 4027 



www.nanoscience.gatech.edu/zlwang 29

Open circuit voltage and short circuit current output measured from 
serially connected four-layer integrated NG.

Power density 0.11 uW/cm2

at 62 mV

Nano Letters, 8 (2008) 4027 
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Textile-fiber based nanogenerator; “power shirt”

Qin, Wang and Wang, Nature 451 (2008) 809
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Low frequency nanogenerator in muscles/fabrics

- Low frequency:
muscle movement/contraction, heart 

beating, blood flow, air flow, foot steps

- Flexible/foldable soft materials as 
substrates of any shape/curvature

- Vibration driven in medium/air 

- Materials growth at low temperature

Applications:
- In-vivo biosensing (brain sensor, blood 
pressure, blood sugar..)
- Pacemaker
- Remote environmental monitoring
- Defense technology
- Energy harvesting from environment
- Personal electronics
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Textile fiber based nanogenerators
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substrate
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Textile fiber based nanogenerators
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direction

Textile fiber based nanogenerator

Qin, Wang and Wang, Nature 451 (2008) 809
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Qin, Wang and Wang, Nature 451 (2008) 809
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Raising the output power by multiple fibers

Qin, Wang and Wang, Nature 451 (2008) 809
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Flexible nanogenerator based on laterally 
bonded and packaged piezoelectric fine-

wires

Yang, Qin, Dai & Wang, Nature Nanotechnology, 4 (2009) 34-39 
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Nano Letters, 9 (2009) 1201 
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Electricity generation by a running hamster
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Hybrid cell for simultaneous harvesting of solar and mechanical energies

Xu, Wang and Wang, JACS, published online
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The concept of hybrid cell
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Working principle of a hybrid cell composed of 
serially integrated SC and NG
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Perspectives of Piezoelectric Nanogenerator

Bending piezoelectric ZnO 
nanowire (NW) generates electrical 
potential along side surfaces

To deflect many NWs 
simultaneously for 
continuous output

Vertical aligned 
ZnO NW arrays

Zigzag silicon trench 
coated with platinum

Integrate with 
spacing control

Zigzag electrode

ZnO nanowires
•Mechanical vibration triggers the 
bending of NWs;

•Piezoelectric potential collects by 
the trenches. 

Mechanical 
energy 
sources

Wind

Wave

Blood flow & 
heart beating

Breath

Car 
running

Air conditioning

Body 
movements

Science, 316 (2007) 102.

Biomedicine

MEMs & Nanodevices

Defense technology

Wireless 
sensors

Robots

Personal electronics

MP3s
Cell phones

Laptops

Nanosensors

MEMs

Nanogenerator 
converts mechanical 
waves into electricity

Implantable 
devices
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Nano-Piezotronics, what is it about? What can it be used for?

Adv. Mater., 19 (2007) 889-992 
Materials Today, 10 (2007) 20-28;
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Nanopiezotronics I:

Piezoelectric field effect transistor
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Piezoelectric potential at the surface of a ZnO
nanowire
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• No free charge inside the wire:

• No external body force: 

– Maxwell’s stress tensor       is small and can 
be neglected

• Constitutive Equations:
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Nano Letters, 7 (2007) 2499-2505
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Piezoelectric FET
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Wang, Adv. Mater., 19 (2007) 889-992
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Nanopiezotronics II:

Piezoelectric diode/switch and sensor

Zhou, Fei, Gu, Mai, Gao, Yang, Bao, Wang* , Nano Letters, 8 (2008) 3973.

He, Chen and Wang, Adv. Mater., 19 (2007) 781. 
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Piezoelectric diode

Adv. Mater., 19 (2007) 781. 
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Flexible and packaged piezotronic diode/switch device based on ZnO wire

Nano Letters, 8 (2008) 3973.
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Gao, Zhou … Wang, J. Appl. Phys.



www.nanoscience.gatech.edu/zlwang 64

Flexible and packaged piezotronic diode/switch device based on ZnO wire
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Nanopiezotronics III:

Fei, Huang, Wang* , Nano Letters, submitted

Free-standing FET based piezoelectric force/flow sensor
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Piezoelectric potential at the root of a free-standing nanowire

Gao and Wang “Electrostatic Potential in a Bent 
Piezoelectric Nanowire – The Fundamental 
Theory of Nanogenerator and Nanopiezotronics”, 
Nano Letters, 7 (2007) 2499-2505. 

Gao and Wang* “Equilibrium Potential of Free 
Charge Carriers in a Bent Piezoelectric 
Semiconductive Nanowire”, Nano Letters, 9 (2009) 
1103 - 1110. 
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Theoretical basis of free-standing nanowire nanosensors
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Experimental testing about the pieozopotential at the nanowire root



www.nanoscience.gatech.edu/zlwang 70

0 50 100 150 200 250

100

150

200

 

 

C
ur

re
nt

 (n
A

)

Time (s)

Bias Voltage: 0.5V

Lateral Force (uN )
0 20 40 60 80 100

C
ur

re
nt

 v
ar

ia
tio

n 
ra

te
 (%

)

0

20

40

60

80

100
B ending
R eleasing

Displacement (um)
0 10 20 30 40 50

C
ur

re
nt

 v
ar

ia
tio

n 
ra

te
 (%

)

0.0

0.2

0.4

0.6

0.8

1.0
Bending
Releasing

0 10 20 30 40 50 60

0

20

40
 

 

Ti
p'

s 
La

te
ra

l F
or

ce
 (u

N
)

T ip's Lateral Displacem ent (um )

Quantification of the response of the force/flow sensor
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Converse piezoelectric sensor/transducer using 
free-standing nanowires

Hu, Wang, Nano Letters, in press
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Converse piezoelectric effect induced transverse deflection of a free-
standing ZnO microbelt
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Experimental design and first observation
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Si wafer

Performance of the devices
Deflection in responding to applying 100V (b) before and (c) after Au coating 
across the width of the microbelt.
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Nano-Piezotronics

Materials Today, 10 (2007) 20-28;
Adv. Mater., 19 (2007) 889-992 
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Nano-Piezotronics
Piezotronics is a field of using piezoelectric-semiconducting coupled properties/effects for 

creating/fabricating novel and unique electronic devices and components (ZLW).

Piezoelectric-field effect transistor
Piezoelectric diode
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Piezoelectric resonator

1. Piezoelectric nanogenerator

Piezoelectric FET sensors

2. DC nanogenerator
3. Fiber nanogenerator

Strain/force/pressure sensor

Piezo-diode

4. Lateral and packaged NG

Force sensor/trigger
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NanoNano--PiezotronicsPiezotronics

•• Piezoelectric transistorPiezoelectric transistor
•• Piezoelectric diodePiezoelectric diode
•• Piezoelectric force sensor/triggerPiezoelectric force sensor/trigger

Piezoelectric Piezoelectric nanogeneratornanogenerator

•• Fundamental Fundamental mechnismmechnism
•• DC DC nanogeneratorsnanogenerators
•• Fiber based Fiber based nanogeneratorsnanogenerators
•• Muscle driven Muscle driven nanogeneratorsnanogenerators
•• Hybrid cellHybrid cell




