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Abstract 
 
The effect of Young’s Modulus and dielectric permittivity of the polymer matrix in vertically 
integrated nanogenerators (VING) on their output performance is studied by combining 
Finite Element Method (FEM) and analytical modeling. To conduct this study, an elementary 
cell is considered, based on one ZnO nanowire surrounded by the polymer matrix. We 
demonstrate that the polymer matrix should have the lowest Young’s Modulus and 
permittivity as possible, in order to maximize the output voltage and power. Four different 
materials, which have already been proposed in literature for such composite VING, are then 
compared: Parylene C, PMMA, Al2O3 and PDMS. Simulation results show that PDMS, who 
has the lowest values of both Young’s Modulus and permittivity, gives the highest output 
performance. Finally, the sensitivity to another design parameter – the surface density of 
nanowires – is calculated, and this study shows that choosing a polymer material with the 
lowest Young’s Modulus and permittivity is more powerful to improve the VING 
performance. 
 

1. Introduction 
Over the past few years, piezoelectric nanowires (NWs) have attracted interest from 
researchers working on mechanical energy harvesting for autonomous sensors whose 
market is expected to grow, with the development of the Internet of Things.[1-3] As 
electroactive material within nanogenerators (NG), the piezoelectric and semiconducting 
NWs (usually ZnO or GaN) convert mechanical energy into electricity when strained by an 
external force.[4-7] The first NG proof of concept was presented in 2006,[8] with an 
experiment carried out with an AFM tip sweeping across a ZnO NWs array, leading to the 
generation of an electric voltage. In 2008, a single ZnO NW bonded horizontally on a flexible 
substrate was developed: [9] periodic bending of the substrate produced an alternative 
electric output from the NW. Since then, substantial progress has been made to integrate a 
large number of NWs together, aiming at harvesting electrical energy from all NWs 
simultaneously. The NG design has evolved with lateral, [9-11] radial [12,13] and vertical [11,14] 
NWs arrays. However, the Vertically Integrated NanoGenerator (VING) is the most used NG 
design because its fabrication and integration are often easier, especially when the synthesis 
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process leads to an array of NWs oriented orthogonally to the substrate. [5,15-17] 
Nanostructured materials like ZnO [5,17,18], GaN [19,20], PZT [21,22], BaTiO3 

[23,24], NaNbO3 
[25] and 

PVDF [26] have been used and studied as piezoelectric material within a VING. However, 
among them, ZnO is the most used material because it is lead free, biocompatible and it can 
be grown easily at low temperature (85°C) on several substrates [5,8,16,18], thanks to 
hydrothermal synthesis. Many filler materials with different properties (Table 1) have also 
been used (PMMA, Al2O3, PDMS, Parylene C…). [5,25,27] The performance of some VING 
devices using different types of materials is presented in Table 2. Hinchet et al. [15] have 
demonstrated that both the electrical potential and energy surface density could be 
improved by tuning the NW’s density (represented by the ratio of NW diameter to the core 
cell width) to an optimum value, and by minimizing the thickness of the insulating layer. 
They also showed that PMMA was a good choice for the insulating material compared to 
other materials with higher Young’s modulus. In another study, [5] they divided the insulating 
layer in two parts: the layer above NWs and the layer between NWs. They studied and 
compared the performance of NGs as a function of the top insulating layer material. Three 
type of material were chosen (SiO2, Si3N4 and Al2O3), all of them presenting both a Young’s 
modulus and dielectric permittivity higher than the interstitial insulator (PMMA). Authors 
proved that the usage of a high Young’s modulus and permittivity for the top insulator 
maximizes the energy stored in the NG. However, none of the optimization research works 
investigated the best solution between optimizing the filler properties or optimizing the 
NWs’ volume density (volume fraction of the piezoelectric material over the total volume of 
the composite layer) in order to obtain the highest generated voltage and/or power. Indeed, 
Young’s modulus and dielectric permittivity values of the filler affect the VING performance 
since they influence the efficiency of the conversion of mechanical energy into electrical one. 
For this purpose, in this paper, the filler’s Young’s Modulus and permittivity were varied 
successively in order to obtain the most efficient VING, and this theoretical study was 
performed using HyMeSoVING method. [27] We show that the lower the filler’s Young’s 
modulus and permittivity, the higher the generated voltage and power. These results are 
compared to the increase in performance obtained when the NW’s volume density is 
optimized. 

 
Table 1: Young's modulus and relative dielectric permittivity of commonly used fillers  

 
 
 

Filler material PDMS Parylene C PMMA Al2O3
 

Young’s Modulus 

 
360 - 870 kPa [28] 2.4 – 4 GPa [29] 2 – 4.5 GPa [30, 31] 345 – 409 GPa [32, 37] 

Relative dielectric 
permittivity  

 

2.5 – 3 [33] 2.7 – 6 [34] 2.85 – 3.6 [35, 36]  5.7 – 10 [37, 38, 39] 
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Table 2: State of the art on NGs performance 

 

2. Theory 

A VING can be described as a multi-layer device: First, the core of the structure consists on 
ZnO NWs array that converts mechanical energy into electrical energy via piezoelectric effect. 
Secondly, this NWs array is coated with an insulating layer which increases mechanical 
robustness and protects it from the electrical leakages and short circuits that could occur.[16] 
The third part is the top and bottom electrodes which are used to collect electrical charges. 
The principle of the mechanical energy harvesting with the VING device is the following: the 
applied mechanical forces compress the NWs along their z-axis. This compression generates 
a voltage difference across NWs due to the piezoelectric effect: negative charges appear at 
the top of the NWs and positive charges appear at the bottom electrode. The polarization-
induced electric field drives a flow of electrons through the external circuit. A reverse flow of 
electrons occurs when the compression onto the VING decreases and the VING returns to 
the initial state. 

HyMeSoVING (Hybrid Method for Simulation of VING) [27], a combination of a Finite Element 
(FE) model and an analytical model, is described in Figure 1: on one hand, the open-circuit 
voltage (VOC) delivered by an elementary cell of the VING is calculated using FE analysis (here 
using COMSOL Multiphysics® software); on the other hand, the optimum resistive load (Ropt) 
of this elementary nanogenerator cell is estimated thanks to an equivalent electrical circuit 

NW 
Material 

Filler 
material 

NW 
diameter 

NW 
length 

Number 
of NWs or 

NW’s 
density 

Applied force 
or pressure 

Open-
circuit 

voltage 

Maximum 
power or 

power 
density 

Reference 

ZnO PMMA 50 nm 600 nm 1 
1 MPa 

(compression) 
80 mV - [5] 

ZnO - 4 µm 200 µm 1 
Bending of the 

substrate 
50 mV - [9] 

ZnO PMMA 4 µm 400 nm 9 
- 

(compression) 
15 mV 

2.8 
nW/cm² 

[40] 

ZnO Si3N4 ~100 nm 5 nm 1 
- 

(compression) 
25 mV - [11] 

ZnO 
Parylene 

C 
50 nm 0.5 µm 

100 
NW/µm² 

13 N 
(compression) 

9 V - [16] 

GaN HSQ 45 nm 1 µm 
109 

NWs/cm² 
149 nN 

(compression) 
350 mV 

12.7 
mW.cm-3 

[41] 

ZnO + 
multiwall-

carbon 
nanotubes 

PDMS 30 nm 50 µm - 
Hammer 
knocking  

7.5 V 18.75 µW [42] 

ZnO + 
multiwall-

carbon 
nanotubes 

PDMS 30 nm 50 µm - Foot stamp  30 V - [42] 

ZnO Al2O3 200 nm 3.5 µm - Bending 2.1 V - [43] 
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(Figure 1) whose parameters are homogenized ones, considering the active layer as a 1-3 
piezocomposite. Using both results (VOC and Ropt), the maximum average power delivered by 
the cell is then calculated. Finally, the performance of a full VING can then be deduced from 
the elementary cell’s results by using the total number of NWs within the VING, as a scaling 
factor. 
 

 
Figure 1:  HyMeSoVING (Hybrid Method for Simulation of VING) schematic diagram. 

 

Please note the elementary cell is composed of one ZnO NW (Figure 2.a) surrounded by the 
insulating matrix. Symmetry conditions are applied on the lateral edges, both in Solid 
Mechanics and Electrostatics modules used in COMSOL. In Solid Mechanics module, one 
symmetry condition is sufficient for all lateral edges, whereas in Electrostatics module two 
periodic conditions must be defined, one for x-axis edges and a second one for y-axis edges. 
The cell is clamped at the bottom face and a vertical surface force F is applied onto the top 
face. 

The polymer matrix material is assumed to be purely elastic and dielectric. Therefore, its 
behavior is governed by Hooke’s law and Poisson’s equation:  

           (1) 

           (2) 

where T is the stress tensor, S is the strain tensor, c is the stiffness tensor, D is the electrical 

displacement field and  is the volume charge density. 
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The NWs are considered as pure piezoelectric material. Therefore, electrical and mechanical 
laws are coupled, through the linear piezoelectric constitutive equations: 

          (3) 

           (4) 

where  is the stiffness tensor for a constant electrical field ,  is the piezoelectric 

coupling tensor in stress-charge notation and  is the electric permittivity tensor. The 

superscript  stands for the transpose of the matrix. 

In the case of ZnO based devices, the piezocomposite can be described as a 1-3 composite 
(1D piezoelectric rods in a 3D insulating matrix). Smith and Auld [44] showed that the 
constitutive relations can be written as: 

           (5) 

          (6) 

where 

       (7) 

        (8) 

      (9) 

where superscript F stands for filler, superscript S stands for constant strain, superscript E 

stands for constant electric field and  is the volume fraction of the piezoelectric material 

over the total volume of the composite layer, and  are expressed using the constitutive 
equations for an isotropic material as follows: [45]  

           (10) 

           (11) 
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where Y represents the filler Young’s Modulus and η its Poisson ratio. 

Passive components of the equivalent electrical circuit are calculated using the following 
equations: [27] 

              (12) 

           (13) 

           (14) 

where A is the cell cross-sectional area,  the NW length,  the thickness of the 

insulating layer on top of the NW as shown in Figure 1. 

In our previous works, [27] we have demonstrated that the maximum average power is equal 
to: 

            (15) 

where  is the root mean square (rms) value of the open-circuit voltage and  is the 

optimum resistance of the unit cell: 

            (16) 

with  the capacitance of the unit cell which is given by the following expression as a 

function of the NWs capacitance  and the top insulator capacitance : 

           (17) 

HyMeSoVING (Hybrid Method for Simulation of VING) will be used in order to evaluate the 
sensitivity of VING performance to the values of Young’s modulus and dielectric permittivity 
of the filler, compared with the NWs volume fraction. The final objective is to provide 
guidelines on the best approach to optimize the VING device. 
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Figure 2: (a) Elementary cell including one ZnO nanowire surrounded by an insulating filler material; (b) Transversal cut of 

the elementary cell. 

 

3. Results and discussions 
3.1. Geometrical and physical properties of the unit cell  

For the present study, and as in our previous works, [27] we consider ZnO NWs with a radius r 

of 50 nm and a length  of 1.98 µm. The NWs are surrounded by a polymer matrix of 

Parylene C with a residual thickness  of 300 nm on top of the NWs. The spacing s 

between neighbor NWs is set to 70 nm (Figure 2.b), corresponding to a NW volume fraction 

 of 27%. Dielectric loss factor of Parylene C is set as isotropic one, with a value of 0.2%. [46] 
Electrodes are simulated as equipotential surfaces, which mean that a floating potential is 
assigned to the top electrode and ground to the bottom one. A mechanical boundary load is 
set on the top boundary at -5 N/cm², corresponding to usual experimental tests performed 
on the dedicated test bench.[16,17] The top electrode is implemented as a rigid connector in 
order to ensure the homogeneity of the applied load at the top surface of the cell. The 
mechanical boundary between the NWs and the polymer matrix is considered as ideal: thus, 
there is neither shear stress nor sliding movement between ZnO NW and the polymer matrix. 
An harmonic analysis is performed for an excitation frequency of 5 Hz because ambient 
sources are usually low, below 200 Hz [47] which is very far from the natural resonance 
frequency of the NWs (in the MHz range).[48] 

The materials properties used for the following simulations are in the library of COMSOL 
Multiphysics: 

• Stiffness tensor of ZnO: 
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• Coupling tensor of ZnO: 

 

• ZnO relative dielectric permittivity: 

  

• ZnO dielectric losses: 1% 

• Parylene C dielectric permittivity: 

  

• Parylene C Young’s Modulus: 2.8 GPa 

• Parylene C Poisson’s ratio: 0.3 

Moreover, even if piezoelectric constants are well known for bulk materials, their 
values usually differ for MEMS (Micro-Electro-Mechanical Systems) and NEMS (Nano-
Electro-Mechanical Systems). They depend on the material structure (thin or thick 
film, nanowire…) and manufacturing process (screen printing, Pulsed Laser 
Deposition, Vapor–Liquid–Solid deposition, hydrothermal synthesis). Moreover, at 
these scales, measuring directly or indirectly the piezoelectric constants is difficult, 
due to the substrate presence in the case of thin films [49] or inherent to the 
nanometer scale of nanowires.[8] However, Novak et al.[50] have determined 
experimentally the  coefficient and obtained a value of . In our simulation, 
based on the used eij tensor, it is possible to deduce the corresponding value of  
coefficient by using the following formula, which is valid under one-dimensional 
assumption: , leading to  which is thus conform with 
literature.[50] 

 
3.2. Strategy of optimization of the VING targeting the maximum average power  
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By both simulation and experimental results, it has been shown that the VING 
performances depend significantly on the NWs volume fraction .[5, 51] The present 
study aims at comparing the sensitivity of the VING performances (electric potential 
and average power) to 2 kinds of parameters: the NWs volume fraction and the filler 
material properties. 
First, the effect of the NWs volume fraction  is studied, considering Parylene C as the 
filler. Figure 3 shows the open-circuit voltage and the average power as a function of 

. 
 

 
Figure 3: Open-circuit voltage and average power as a function of the volume fraction  for a ZnO-Parylene C unit cell. 

The maximum voltage (21 mV) is obtained for  equal to 12.5% and the maximum 
power (3.21 zW) is obtained for  equal to 13%. Thus, compared to the initial value 
(27%) of the volume fraction chosen in this theoretical study,[27] the  value 
maximizing the electric potential improves the latter by 28%, and the  value 
maximizing the average power improves the latter by 35%. 
In order to compare the strategies of tuning the NWs density or optimizing the filler 
material, four types of materials were studied as the filler in the VING elementary 
cell: Parylene C, PMMA, PDMS and Al2O3. The values of both Young’s modulus and 
permittivity of each material are presented in Table 3. Results of the four simulations 
performed using HyMeSoVING method are presented in Table 3. The geometrical and 
physical properties of the unit cell are unchanged, except the 2 above properties of 
the filler.  
 
Table 3: Electrical characteristics of the VING deduced by HyMeSoVING method, as a function of the filler material 

Filler 
material 

PDMS Parylene C PMMA Al2O3 

Young’s 
Modulus 

750 kPa 2.8 GPa 3 GPa 400 GPa 

Relative 
permittivity 

2.75 2.95 
3 5.7 

Dielectric 
losses (%) 

1 [53] 1 [45] 1.7 [52] 0.05 [54] 

VOC (mV) 82.02 17.25 15.99 0.27 

Ccell (F)     
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(eq. 14) 

Ropt (Ω) 
(eq. 16)     

Popt (W) 
(eq. 15)     

 
Simulation results show that the single cell VING containing PDMS, which has the 
lowest Young’s modulus (750 kPa) and permittivity (2.75), generates the highest 
voltage (4.7 times the one generated with Parylene C) and average power (22 times 
the one obtained with Parylene C). 
Since that above results showed that the PDMS, which has the lowest Young’s 
modulus and permittivity, generates the highest voltage and power, HyMeSoVING 
method is used in order to evaluate the effect of the filler’s Young’s modulus and the 
permittivity on the VING characteristics.  
For the first study, the filler’s permittivity is fixed to 2.95 and only the Young’s 
modulus is varied from 500 kPa to 400 GPa. This range is chosen since the most used 
filler materials have a Young’s Modulus of some GPa.[5, 18, 52, 53] Results are presented 
in Figure 4. 
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Figure 4: (a) Open-circuit voltage and (b) Maximum average power as a function of the filler Young's modulus for several 
ZnO volume fractions . 

Figure 4 shows that the higher the Young’s modulus, the lower the generated voltage 
and the average power of the elementary cell. In fact, for a volume fraction of 27%, 
the Parylene C Young’s modulus (2.8 GPa) gives an open-circuit voltage 30% higher 
and an average power 66% higher than a material with a 10 GPa Young’s modulus. 
We can also observe that for a volume fraction of 13% the generated voltage and the 
average power are higher than the other studied volume fractions. This is because 
this value is close to the optimum NWs density values giving the maximum voltage 
(optimum density 12.5%) and average power (optimum density 13%).  
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The second set of studies consists in fixing the filler Young’s modulus to 2.8 GPa and 
varying its relative dielectric permittivity from 1 to 7, a range corresponding to the 
most usual filler materials.[5, 18, 52, 53] Results are presented Figure 5. 
Figure 5 shows that the higher the permittivity, the lower the generated voltage and 
the average power of the elementary cell. In fact, for a volume fraction of 27%, the 
Parylene C permittivity (2.95) gives an open-circuit voltage 70% higher and an average 
power 64% higher than a material with a permittivity equal to 7. 
Based on all the above studies, it appears that choosing an optimal filler material with 
low Young’s modulus and permittivity is more powerful than changing the NWs 
fraction.  
Of course, the deposition methods of the different fillers are not the same, and the 
thickness of the residual layer on top of the NW is often different, which influences 
also the efficiency of the VING. In reference 18, the top layer is 7 µm thick for PDMS 
deposited by spin coating, in reference 54 the top layer of spin-coated PMMA is 
around 1 µm, whereas in reference 16 this layer is 200 nm thick for Parylene C 
deposited by Chemical Vapor Deposition (CVD). A thick layer atop the NWs is 
expected to lower the VING performance.[15] Changing the filler material while 
maintaining a thin residual layer atop the NWs is not straightforward, as it strongly 
depends on the process used to deposit the filler material, and on the capacity of the 
filler to infiltrate the NWs array. This aspect makes a comparison between different 
prototypes very difficult, especially since experimental testing conditions usually vary 
from one study to another. 
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Figure 5: (a) Open-circuit voltage and (b) Maximum average power as a function of the filler relative permittivity for several 
ZnO volume fractions . 

Nevertheless, the present study demonstrates that, for a given configuration of VING 
(with a particular set of geometrical dimensions), the sensitivity of the VING 
performances on various parameters (here the NWs volume fraction and the filler 
mechanical and dielectric properties) is worth being quantified before performing an 
optimization of the various parts of the VING structure. 
 

4. Conclusion 
In this paper, the effect of electrical and mechanical properties (Young’s modulus and 
dielectric permittivity) of the filler in a VING elementary cell was studied based on a 
previous work.[27] Results show that a filler material with low Young’s modulus and 
dielectric permittivity gives higher values of generated voltage and power. Among 4 
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materials usually used in VING devices, PDMS which has the lower Young’s modulus 
(750 kPa) and permittivity (2.75) is expected to provide the highest voltage (4.7 times 
than the one obtained with Parylene C) and average power (22 times higher than with 
Parylene C) generated by the single cell. Moreover, optimizing the filler appears to 
have much more influence on the VING output performance than optimizing the 
NW’s volume fraction. In further works, HyMeSoVING method will be used in order to 
determine which properties should have the optimal piezoelectric material in order to 
further improve the VING performance. The effect of the irregular length, shape and 
alignment of the NWs within the full NWs array will also be investigated. 
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