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 Piezoelectric energy harvesters are expected to power trillions of miniaturized sensors.  
We theoretically analyze nanogenerators with aligned piezoelectric nanorods using formulaic 
solutions and finite-element simulation using COMSOL Multiphysics in order to explore the 
possibility of achieving excellent output performance.  It is shown that for the same piezoelectric 
materials, using a rod-shaped unit will increase the piezoelectric constant d33 by 33% compared 
with using a film, owing to less substrate clamping.  In addition, when normal force is applied, 
the stress is concentrated in the nanorods.  Therefore, in the case of applying normal force, the 
aligned nanorod array can generate an output power one or more orders of magnitude higher 
than films within the same volume.  This type of nanogenerator will play an important role in 
the integration with miniaturized sensors in the off-resonant mode.

1. Introduction

 We used to dream of a world where inanimate objects become animate and even have 
feelings.  Now this dream may come true when such objects are embedded with wireless sensor 
nodes and linked to the Internet; we call this the Internet of Things (IoT).(1,2)  For this system, 
energy harvesting, a promising technology that scavenges ambient energy such as vibration, 
heat, or light to generate power, will play a very important role as a renewable power source 
for trillions of wireless sensors.  Unlike batteries that require frequent detaching or changing, 
energy harvesting is effective over a long period and causes negligible pollution.  Furthermore, 
energy-harvesting devices can be processed on a microscale or even less and easily integrated 
within the sensors, reducing the cost of both production and operation.(3)

 As one of the most effective ways to harvest energy, piezoelectric energy harvesting (PEH) 
has attracted great interest because vibration sources are ubiquitous.  Indeed, the output power 
of PEH devices is far out of reach of giant machines but is expected to be at a milliwatt level or 
higher after further investigation.  According to the expression of the available energy Ea, which 
is proportional to the output power, the figure of merit (FOM) d2/ε, applied stress T, and volume 
U are found to be the influential factors, as shown in(4)
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where C, V, d, and ε are the capacitance, voltage, piezoelectric constant, and permittivity, 
respectively.  FOM is a property inherent to the material itself.  The main obstacle to achieving 
a large FOM is that the piezoelectric constant and permittivity strongly correlate with each 
other.  As shown in Table 1, FOM values of different materials are similar, whereas d33 varies 
largely.  
 Another way to increase the output power is to induce a large T by optimizing the design 
of PEH devices.  One of the effective solutions is to use a cantilever at resonance.  However, it 
becomes more difficult for miniaturized devices to resonate at a frequency lower than 300 Hz 
for ambient vibrations, especially with the traditional design of ceramic layers with metal or 
silicon substrates.  In this case, flexible PEH devices are taken into consideration with the 
expectation of a low resonant frequency and crack-free operation as frequently reported.(6–8) 
The applicability of piezoelectric polymers such as polyvinylidene fluoride (PVDF) and many 
polymer-based piezoelectric composites is also shown.  
 Instead of using resonance, a type of PEH structure with nanorods aligned in the d33 mode 
upon applying normal force can be another effective solution(9–11) and is investigated in this 
study.  The evaluation of the output performance by theoretical analysis showed that the nanorod 
structure provides advantages in inducing a large stress as well as improving FOM, compared 
with piezoelectric films.  With respect to miniaturized devices, it is possible for nanorod arrays 
to generate a higher output power than the traditional cantilever and meet the off-resonant 
applications.

2. Theoretical Analysis

 The output power of the aligned nanorod array is derived from calculated results based 
on the piezoelectric equation as well as related equations of the electric circuit.  Sinusoidal 
vibration F = Fmsin(2πft) is applied along the axial direction of nanorods, namely, the direction 
normal to the substrate, causing the d33 working mode.  The output power can be calculated 
when the nanorod array is connected to an external resistance R (Fig. 1).  Then the nanorod 
array is modeled and simulated using the finite-element simulation software COMSOL 
Multiphysics 5.3a to validate the calculated prediction.

Table 1
d33 and FOM values of various piezoelectric materials.(5)

Materials d33 (pC/N) FOM33 = 
2
33d
ε

 (10−12 Pa−1)

Pb(Zr,Ti)O3 225–590 5.4–14.4
BaTiO3 125–260 ~5
(K,Na)NbO3 104–490 10–14
PVDF −(20–24) 4–8
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2.1 Formulaic solutions

 For a piezoelectric bulk with electrodes at the top and bottom, the output voltage V3 under 
the open-circuit condition can be expressed as

 3 3 33 3
tV E t d T
ε

= = − , (2)

where E3 stands for the electric field, and d and T are described with Voigt notation.  In general, 
when the tensile stress is applied along the longitudinal 3-direction, the piezoelectric bulk 
will shrink in the transversal 1,2-direction while elongating along the 3-direction [Fig. 2(a)].  
However, for a piezoelectric film clamped by the substrate, deformation in the 1,2-direction is 
suppressed, meaning that T1 and T2 do not equal zero [Fig. 2(b)].  Thus, we have

 1 11 1 12 2 13 3 31 3 0S s T s T s T d E= + + + = , (3)

 3 31 1 32 2 33 3 3D d T d T d T Eε= + + + , (4)

where S1 stands for the strain.  If T1 = T2 and d31 = d32, Eqs. (3) and (4) can be deduced as
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where 33d ′  represents the piezoelectric constant of the clamped films.  It is obvious that 33d ′  is 
lower than d33.  This clamping effect will be reduced if the piezoelectric unit has a large aspect 
ratio t/l, such as that of nanorods.  Therefore, the nanorod array will be expected to show a 
larger output voltage than the film.

Fig. 1. (a) Schematic model of the nanorod array connected to resistance. A rod unit is treated as a cuboid with t 
and l representing the height and width, respectively. (b) Equivalent circuit where the nanorod array is treated as a 
combination of the energy source V and capacity whose impedance is Xc.

(a) (b)
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 In addition, the output voltage of the nanorod array will be even more enhanced than that of  
the film of the same total volume.  Given a vibration with a constant amplitude Fm uniformly 
applied to the top electrode surface, the stress applied to the nanorods becomes larger than that 
to the film owing to the lower density of the piezoelectric material.  Therefore, the voltage ratio 
between the nanorod array and the film can be expressed as

 33 0

0 33

d AV
V Ad ′= , (6)

where the subscript “0” represents the film and A stands for the contact area between 
piezoelectrics and electrodes.  According to Eq. (7) below, deduced from Ohm’s law, the ratio of 
output power within V0 can be deduced as Eq. (8).
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Here, P is maximum at R = Xc.  Equations (6) and (8) indicate that the output will be heightened 
as the area (also referred to as the density) of nanorods is reduced, even if the capacitance 
becomes smaller.  The result also emphasizes that the stress applied to the piezoelectric material 
has a larger effect on the output power owing to a quadratic relationship.

Fig.	2.	 Deformation	of	piezoelectric	bulk	(a)	and	clamped	piezoelectric	film	(b)	upon	applying	stress	T3.

(a) (b)
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2.2 Modeling and simulation

 The above predictions from formulaic solutions are validated in COMSOL.  Figure 3 shows 
the boundary conditions of the nanorods for the d33 mode and the conventional cantilever for 
the d31 mode.  Rigid boundaries without moving in the x- and y-directions are set at the top and 
bottom of the nanorod array, representing the existence of a substrate and electrodes.  Uniform 
force or stress is applied to the top electrode surface along the z-direction.  One end is fixed and 
the other end is vibrated as the boundary conditions for the cantilever.
 In the simulation for nanorod arrays, the thickness (height) t and width l of one nanorod are 
set	to	be	1	and	0.1	μm,	respectively.		The	material	is	assumed	to	be	(001)-orientated	tetragonal	
Pb(Zr,Ti)O3, whose properties are listed in Table 2.

3. Results and Discussion

3.1	 Effect	of	aspect	ratio	of	nanorods	on	output	voltage

 Figure 4 shows the simulated dependence of the output voltage on the aspect ratio t/l with 
constant stress applied to a single piezoelectric unit.  The ordinate represents the voltage ratio 
of a film whose aspect ratio is sufficiently small (lower than 10−4).  According to Eq. (2), the 

Table 2
Properties of Pb(Zr,Ti)O3 used in simulation.(3,12)

Property Notation Value

Piezoelectric constants (pC/N) d33 133
d31 −45.8

Elastic compliance constants
(10−12 Pa−1)

s11 16.4
s12 −5.74
s13 −7.22

Relative permittivity εr 155
Density (kg • cm−3) ρ 7750

Fig. 3. (Color online) Boundary conditions for simulating the (a) nanorod array and (b) cantilever in COMSOL.

(a) (b)
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voltage is considered constant for the same applied stress and thickness unless d33 varies.  
However, when the aspect ratio changes from 0.01 to 100, the voltage was improved by 33%, 
which indicates a 33% d33 enhancement and a 77% FOM33 improvement of a piezoelectric 
unit.  The enhancement of d33 with a larger aspect ratio can be due to the reduced substrate 
clamping, which indeed well agrees with the prediction made using Eq. (5).  In addition, a 
similar dependence has also been experimentally observed by Barzegar et al.,(13) who measured 
the d33 of PZT ceramics with various aspect ratios.  Although the material properties and size 
are different between our simulation and their experiment, the similar dependence supports our 
scenario.
 To further reinforce our scenario, the deformation and stress map was constructed as shown 
in Fig. 5.  The color of the surface represents the sum of the transversal stress.  As seen in the 
figure, the rod-shaped model induces a lower transversal stress than the film model owing to 
less clamping by the substrates.  

3.2	 Effect	of	area	ratio	of	nanorods	on	output	voltage	and	power

 In Sect. 3.1, the effect of the aspect ratio under the same applied stress is studied for a 
single nanorod unit.  However, in the nanorod arrays, the contact area with substrates can vary 
with the density of nanorods; therefore, the stress applied to each nanorod will be larger for a 
structure with a lower density under the same vibration conditions.  Since not only the aspect 
ratio but also the contact area can be simultaneously tuned by the condition of growth processes 
such as laser ablation, sputtering, and chemical vapor deposition, the effect of the area ratio 
on the output voltage and power can be one of the important optimization factors.  Figure 6 
shows the dependence of the output voltage and power on the area ratio of nanorods, A/A0, as 
determined by calculation using Eqs. (6) and (8) as well as simulation.  Here, d33/ 33d ′  of 1.3 
based on Eq. (5) is adopted for the calculation.  It is clear that both output voltage and power 
increase as the area ratio decreases because of the increased stress to nanorods.  It is also worth 

Fig. 4. (Color online) Simulated dependence of the output voltage on aspect ratio t/l of a piezoelectric unit.
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noting that the output power can be one or more orders of magnitude higher than that of a film 
with the same volume under the same vibration conditions.
 Therefore, the use of a nanorod structure is proved to be an effective way of improving 
the output power of the PEH device because of the enhanced d33 (thus FOM) and stress of the 
piezoelectric materials.  Since d33 is always higher than d31, the d33 working mode will be more 
efficient as long as the generated stress is comparable to that of the d31 mode used in a cantilever 
structure.  
 There are, however, several limitations for the practical use of nanorod arrays.  For 
example, the enhancement of stress has a limitation because of the mechanical strength of the 
piezoelectric material.  Since in the environment the vibration cannot be applied perfectly along 
the axial direction of the nanorods, it is inevitable that low-frequency lateral oscillations are 
generated.  Such lateral oscillations cause shear stresses in the nanorods, which increase with 
decreasing area ratio of the nanorod array.  Therefore, the nanogenerators have to be designed 

Fig.	5.	 (Color	online)	Deformation	and	transversal	stress	of	(a)	film	and	(b)	rod.

(a) (b)

(a) (b)

Fig. 6. (Color online) Dependence of the (a) output voltage and (b) power on the area ratio of nanorods.
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so that the induced stresses can be sufficiently below the fracture stress.  It should also be noted 
that the output voltage and power in practical devices will be limited by mechanical damping 
and piezoelectric damping, although they are not major factors that limit power at off-resonance 
frequencies.

3.3	 Comparison	with	resonant	cantilever

 A difficulty for the nanorod structure in the d33 mode is to realize the resonance at vibration 
frequencies existing in the environment (lower than 300 Hz) since the thickness excitation will 
only allow resonant frequencies of megahertz order or higher.  Figure 7(a) shows the output 
power density of the nanorods and film in the d33 mode, and of the conventional film cantilever 
structure in the d31 mode with a resonant frequency of 105 Hz.  The piezoelectric layers in 
both structures are of the same volume, as illustrated in Fig. 7(c).  The substrates and seismic 
mass are made of steel and the amplitude Fm	of	vibration	force	for	both	devices	is	100	μN.		It	is	

Fig.	7.	 (Color	online)	Output	power	among	the	nanorods	and	film	in	the	d33	mode,	and	the	film	cantilever	in	the	
d31 mode. (a) Output power density under the same vibration force. (b) Ratio of output power to input power. (c) 
Schematic	models	for	the	nanorods	and	film	in	the	d33	mode,	and	the	conventional	film	cantilever	structure	in	the	
d31 mode.

(a) (b)

(c)
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clearly shown that the cantilever in the d31 mode at resonance in particular has a much higher 
output than the d33-mode structures.  Equations (9) and (10) express the spring constant k of the 
film or nanorods in the d33 mode and that of the film cantilever in the d31 mode, respectively.  

 
LWYk

t
=  for film or nanorods in d33 mode (9)

 
3

3  
4

sub subWt Yk
L

=  for film cantilever in d31 mode(14) (10)

Here, Y and Ysub stand for Young’s moduli of the piezoelectric and substrate, W and L for the 
width and length of the structure, respectively, and tsub for the thickness of the substrate.  As 
k in the d33 mode is found to be larger than that in the d31 mode, the cantilever can be more 
efficient for obtaining a higher input power than the d33-mode film or nanorods with the same 
applied force.  The input power was also simulated in COMSOL, which reflects the basic feature 
of k for the d33-mode film or nanorods and for the d31-mode film cantilever.  The conversion 
efficiency from input power to output power is plotted in Fig. 7(b).  As can be seen in the figure, 
the conversion efficiency in the nanorods and film in the d33 mode is higher than that in the 
cantilever.
 Figure 8 shows the dependence of output power density at 100 Hz on the length of the 
device loaded with a constant mass.  It is found that the output of the nanorods increases 
with decreasing device length and is expected to exceed that of the film cantilever in the d31 
mode	when	the	length	is	less	than	700	μm.		This	is	because	the	resonant	frequency	of	the	film	
cantilever in the d31 mode significantly deviates from the vibration frequency.  It is obviously 
difficult to fabricate microscale cantilevers at such a low resonant frequency.  Therefore, 
fabricating nanorods can be a good alternative for powering miniaturized microsensors.

Fig. 8. (Color online) Dependence of output power density on the length of the device.
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4. Conclusions

 As an effective method of improving the output power of PEH devices, an aligned nanorod 
array was considered in this study.  For the same stress as that applied to a piezoelectric unit, the 
nanorod generated a 33% higher voltage than the film owing to the less mechanical clamping 
by the substrate.  As the area ratio of nanorods decreased, the output power was one or more 
orders of magnitude higher than that of the film of the same volume under the same vibration 
conditions.  These results indicate that the nanorod structure enhances not only FOM but also 
the stress, which may lead to practical use in off-resonant applications.  In spite of the output 
power of the off-resonant nanorod array being far lower than that of the resonant cantilever, it 
can be widely used in powering miniaturized microsensors, where the resonance of a cantilever 
is difficult to achieve.
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