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Abstract 

We present electrostrictive materials with excellent properties for vibrational energy harvesting 
applications. The developed materials consist of a porous carbon black composite, which is 
processed using water-in-oil emulsions. In combination with an insulating layer, the investigated 
structures exhibit a high effective relative dielectric permittivity (up to 182 at 100 Hz) with very 
low effective conductivity (down to 2.53 10

-8
 S m

-1
). They can generate electrical energy in 

response to mechanical vibrations with a power density of 0.38 W m
-3 

under an applied bias 
electric field of 32V. They display figures or merit for energy harvesting applications well above 
reference polymer materials in the field, including fluorinated co- and ter-polymers synthetized 
by heavy chemical processes. The production process of the present materials is based on non 
hazardous and low-cost chemicals. The soft dielectric materials are highly flexible (Young’s 
modulus of ~1 MPa) making them also suited for highly sensitive capacitive sensors. 

Keywords: polymers, electrostriction, vibrational energy harvesting, electrostrictive material, 
capacitive sensors 

1. Introduction: 

The Internet of Things (IoT) is a new and fast growing concept which aims at connecting 

everyday physical objects into the Internet without any human interaction [1,2]. The IoT requires 

the usage of numerous wireless sensors. Providing the electrical energy to run these wireless 

sensors is of major concern. Use of batteries with limited lifetime is a severe constraint. To 

overcome this problem, several environmental energy sources such as thermal, solar, salinity 

gradients, vibrations can be used to fulfil energy demands [3–5]. It could thus make sensors, 

MEMS, communicating devices, etc. self-sufficient in energy supply and as-such highly increase 

their life time. A promising method to resolve this challenge is to harvest mechanical energy 

from the ambient environment and convert it into electrical power. An apparently convenient 

method consists in using piezoelectric materials. The most efficient piezoelectric ceramics can 

produce up to 0.2—30 mW cm
-1 

[6–9]. However, these materials are stiff and brittle which limits 
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their implementation in embedded applications [10]. Triboelectric nanogenerators have recently 

demonstrated volume power densities up to 0.49 W cm
-3 

[11,12]. However, their performances 

are largely affected by the environment such as humidity [12]. Moreover, their low durability as a 

result of two materials in physical friction is still a limiting factor [11]. A more recent approach 

consists in using electrostrictive polymers to convert energy from mechanical vibrations [13–19]. 

These polymers have high dielectric permittivity and are used as the dielectric layer inside 

variable capacitors. Capacitance variations in response to mechanical variations are enhanced by 

changes of dielectric permittivity of the electrostrictive polymers. This principle can be used to 

convert mechanical energy of vibrations into electrical energy. The interest in electrostrictive 

polymers is rapidly growing because polymer-based high-permittivity materials are flexible, low 

cost, and easily tunable, which makes them good candidates for IoT applications. A recent 

approach for obtaining high permittivity electrostrictive polymers is the use of polymers loaded 

with conductive nanoparticles [15–19]. These composite materials exhibit a large increase of 

dielectric permittivity in the vicinity of their percolation threshold but suffer from a weakness due 

to the substantial increase of losses near and above percolation [19,20]. 

To overcome these limitations, we design a new bilayer structure based on a microporous 

dielectric layer associated with a thin insulating layer of polydimethyl siloxane (PDMS). Porous 

flexible materials of which the internal pores are covered with carbon black particles are prepared 

using a water-in-oil emulsion. This new composite possesses a high dielectric permittivity along 

with a very low conductivity. We show that the fabrication of the microporous dielectric layer 

using a water-in-oil emulsion provides a fine control of the location of the conductive inclusions. 

The latter remain confined in the emulsions droplets. The micropores significantly deform upon 

compression resulting in a large change of the dielectric permittivity [21]. As such, the porous 

dielectric material can be used in a variable-capacitance engine to harvest mechanical energy 

[22].The energy harvesting performance can be improved by combining the porous dielectric 

with a thin insulating layer of PDMS. This reduces the conductivity of the system, and allows an 

increase of the filler concentration above the percolation threshold in the high permittivity layer. 

The electrostrictive properties of the material can be finely tuned by varying the concentration of 

conductive particles. The presented bilayer structures exhibit high effective relative dielectric 

permittivity (up to 182 at 100 Hz) with a very low effective conductivity (down to 2.53⋅10
-8

 S m
-

1
). They can generate electrical energy in response to mechanical vibrations with a power density 
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of 0.4 W cm
-3

. The efficiency of electrostrictive materials for actual energy harvesting 

applications can be assessed by their so-called Figure of Merit (FoM). FoM of the present 

materials exceeds the previous-best electrostrictive materials based on mixtures of fluorinated 

terpolymers and carbon black particles by a factor 1.7, and by almost four orders magnitude more 

conventional composites made of polyurethane and carbon black particles. They have also a low 

cost considering the components they are made of. In addition, considering their large flexibility 

(Young’s modulus of about 1MPa) and sensitivity of dielectric properties, the presented materials 

are well suited for capacitive sensors with high sensitivity. 

2. Experimental details: 

2.1 Material synthesis: 

The emulsion consists of an aqueous solution of carbon black droplets dispersed in a matrix of 

PDMS and a curing agent. We used the following procedure (FIG. 1). The water phase is 

prepared by mixing 5 g of arabic gum (Sigma Aldrich) and 95 g of deionized water. The desired 

concentration of carbon black powder (Alfa Aesar) is added and the mixture is tip sonicated 

during 1 hour at 400 W to homogeneously disperse the carbon black (CB) particles [20]. The oil 

phase is prepared by mixing PDMS (Dow Corning), the curing agent (Dow Corning, 10% in 

weight with respect to the PDMS phase), and the surfactant lauryl PEG-8 dimethicone (Silube 

J208-812, Siltech, 5.0 wt% of the final mixture). The emulsion is prepared by progressively 

adding the carbon black solution to the oil phase under manual stirring up to a mass ratio of 

water:oil=1:1. The mean droplet size depends on the viscosity of the continuous phase and ranges 

between 10—30 m. The water-in-oil emulsion loaded with carbon black particles is spread with 

a stencil that has a depth of 500 µm on a plastic surface with a diameter of 24 mm. A second 

plastic surface is placed on the spread emulsion such that the emulsion remains confined between 

two flat surfaces. Solid materials are obtained by curing the PDMS polymer without evaporation 

in a warm water bowl (90°C) for 4 hours. The relative humidity in these conditions is 100%. 

Then, the solid material layer is removed from the two plastic surfaces and dried in an oven for 1 

hour at 150°C. As PDMS is permeable to water vapor, droplets from carbon black solution dried 

and leave a structure with spherical-shaped pores covered by carbon black particles (FIG. 2). 
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Curing and drying are critical stages which strongly influence the final morphology of the porous 

composite. 

 

 

 

 

 

 

 

 

 

 

 

Isolating layer deposition: 

To decrease the dielectric losses, the microporous materials are combined with a thin insulating 

layer of PDMS. The insulating layer is spin coated on conductive aluminum substrates with a 

diameter of 24 mm. For the spin-coating, 3 g of PDMS with a curing agent (10% in weight with 

respect to the PDMS phase) is deposited at rest on an aluminum substrate. Then a spin-coater is 

used at 8000 rpm for 60 s at an acceleration of 1000 rpm s
-1

 to obtain a thickness of the PDMS 

layer of 5 m. The aluminum substrate covered by the PDMS layer is then soft baked at 100 ºC 

for 30 minutes to cure the PDMS. The thickness of the layer is measured by a 

mechanical profilometer (Dektak 150) after scratching the surface. 

FIG.2: Electron microscope 

picture of a cross-cut of a porous 

porous carbon black composite. 

FIG.1: Scheme of the preparation of the microporous 

materials with pores covered by carbon black particles. 

(a) Preparation of the oil phase by mixing PDMS, 

curing agent, and surfactant. (b) Preparation of the 

water phase by mixing water and arabic gum. (c) 

Dispersion of black carbon powder in water phase. (d) 

Dispersion of water phase inside the oil phase. (e) 

Spreading of the emulsion between two surfaces and 

immersion in a water bowl. (f) The PDMS in the 

emulsion is cured by increasing the temperature of 

water. (g) Evaporation of the water by increasing the 

temperature outside the water bath. (h) Finally, a 

porous and dried composite is obtained. 
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2.2 Determination of the dielectric properties 

We measure the electrical conductivity and dielectric permittivity of the samples between two 

metallic disc electrodes in the frequency range of 10-10
6
 Hz under an applied voltage of 1 V 

using an impedance analyzer (Bio-Logic Impedance Analyser, MTZ-35). A calibration procedure 

removing the contribution of the polarization of the electrodes is used to determine the dielectric 

permittivity and the conductivity of the sample as a function of frequency [16]. All the 

experiments are performed at room temperature. 

2.3 Determination of the electromechanical performances 

To determine the electrostrictive properties of the composites we use the experimental setup 

illustrated in FIG. 3, which consists of a piezoelectric actuator (Physik Instrumente P-842.30) 

driven by a function generator (Keysight 33611A Waveform Generator) that applies a sinusoidal 

mechanical strain at a frequency of 100 Hz. The sample is placed between two electrodes: the top 

electrode is connected to the piezo actuator and moves at the same frequency as the actuator, the 

bottom electrode is fixed to the sample holder and does not move. As such, a modulated strain is 

applied along the thickness of the material. The strain is controlled by a computer linked to a 

function generator which controls the stroke of the actuator. An electric field     is applied to the 

composite along the height (3-direction in FIG. 3) by a DC generator. To measure the current and 

generated power, a load resistance (R) is connected in series with the sample. The voltage UR 

over the resistance is recorded by an oscilloscope (Keysight InfiniiVision 1000 X) and the current 

is determined using the Ohm’s law (I=UR /Rl).  

(a) 

Rl 

FIG.3: Schematic of the experimental setup (a) and the equivalent electric circuit (b). 

1 
3 

2 

(b) 

Ri 

Rl 

http://www.keysight.com/en/pd-2380221-pn-33611A/waveform-generator-80-mhz-1-channel?nid=-32907.1082248&cc=FR&lc=fre
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The Young’s modulus of the composites is measured using a tensile tester (Instron Model 

4505). The initial dimensions (width and thickness) are measured before mounting the sample 

between the fixed and moving jaws. The force-displacement responses are acquired for each 

sample at a displacement rate of 0.067 mm s
-1

. The tests ended when the specimens fractured. 

The Young’s modulus is determined by measuring the slope of stress–strain curves in the elastic 

domain. 

 The composite material is modeled by a parallel RC circuit (see FIG. 3b). The observed 

current is composed of two parts: a leakage current Idc and a harvested current Ih induced by 

compression-decompression cycles of the composite. According to the model developed by 

Guyomar et al [23,24], for a sinusoidal strain the current    through a load resistance Rl is given 

by (see supporting information) 

      
    

        

   
       

 
 
  

       

 
                       (EQ. 1) 

Here, A is the area of the sample, Y is the Young’s modulus,     
   is the apparent electrostrictive 

coefficient [15],     is the applied bias electric field (        , S is the sinusoidal strain 

amplitude equaling the displacement induced by the piezo actuator (24 µm) divided by two times 

the material thickness,   is the relative dielectric permittivity,    is the vacuum permittivity, d is 

the material thickness, and   is the angular frequency of the applied strain. Hence, a linear 

relation between    and     is obtained for a constant strain, frequency, and load resistance. As a 

result, the product     
   can be easily estimated from the slope of the I-Edc curves. The 

apparent electrostrictive coefficient    
  is calculated by division of the Young’s modulus Y. 

3 Results: 

3.2 Polymer-carbon black composites: 

The dielectric properties of the polymer/carbon black composite, without insulating layer, are 

first studied at rest. The load fraction of carbon black particles inside composites is varied while 

keeping the oil:water ratio constant. FIG. 4 shows the electrical conductivity, dielectric 

permittivity, and loss tangent (        
 

    
, with   the electrical conductivity) as a function of 

the frequency for different carbon black particle concentrations. 
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Both conductivity and dielectric permittivity increase as a function of CB concentration. The 

percolation threshold is reached for a weight fraction of 6%. Below the percolation threshold, the 

conductivity is frequency dependent and arises from dielectric losses due to bound charges. In the 

meantime, the dielectric permittivity remains constant for the full range of investigated 

frequencies. Above the percolation threshold, and at low frequencies, the conductivity is constant 

because essentially due to the transport of free charges brought by the carbon black particles.  By 

contrast, the dielectric permittivity presents frequency dependence and is enhanced by the 

interfacial polarization of the carbon black particles. In the high filler concentration regimes, the 

values of conductivity (above 10
-6

 S m
-1

) make the materials unsuitable for vibrational energy 

harvesting.  

3.3 Bilayer polymer-carbon black composites: 

The high conductivity (free charges carriers and dielectric loss) of the carbon black composites is 

a drawback for energy harvesting applications [24]. Indeed, such applications do not allow any 

leakage for yielding a positive energy conversion. In this paper, we propose an original approach 

for keeping high values of effective dielectric permittivity and low values of conductivity by 

associating a thin insulating layer to the high permittivity layer. This layer has low dielectric 

losses and no free charge carriers. It acts as a blocking layer and prevents leaks of the capacitors 

(FIG. 5).  

FIG. 4 : a) Evolution of the dielectric permittivity (a), conductivity (b) and loss tangent (c) as 

a function of the frequency for various CB particle concentrations. 3.0 wt % (black squares), 

4.0 wt % (red circles), 6.0 wt% (purple top triangles), 8.0 wt% (green down triangles) , 10 

wt% (pink left triangles)Phase fractions are fixed: oil:water = 1:1 

(a) (b) (c) 
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The electrical equivalent circuit for a bilayer material is a junction of two RC circuits in series. 

The expressions for the effective dielectric properties of the bilayer structure are given in the 

supporting information. The effective conductivity and dielectric constant of the bilayer structure 

depend on the thicknesses and dielectric properties of both layers. The blocking layer 2 is a cured 

PDMS layer (            and     10
-13

 S m
-1

 in the range 10—10
6 

Hz at 25°C) of 

thickness 5 m. The high permittivity layer 1 is the porous carbon black material layer     

               of variable thickness depending on carbon black concentration (see Table 1). 

Table 1: Properties of the carbon black (CB) composites. 

% CB CB (g L
-1

) Thickness (µm) 

3 31 500 

4 42 510 

6 64 510 

8 87 750 

10 110 800 

 

 

 

 

 

FIG. 5: Equivalent electric circuits for the porous black carbon (a) and the 

bilayer (b) composite.        and di are the dielectric permittivity, the 

conductivity, and the thickness of the layer i, respectively. 

d1 

d2 

d1 

FIG. 6: Effective dielectric properties at 100 Hz of the porous carbon black layer (red circles), 

bilayer polymer—carbon black composites (black squares), and theoretical predictions of the 

latter (open black triangles), as a function of carbon black concentration. 

(c) (b) (a) 
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For comparison, we investigate the dielectric properties of the electrostrictive composites at rest 

with and without insulating layer. FIG. 6 shows the relative dielectric permittivity, electrical 

conductivity, and loss tangent at 100 Hz as a function of the carbon black concentration. First, we 

consider the electrostrictive composites without insulating layer. At carbon black concentrations 

below the percolation threshold (~5 wt%), the dielectric permittivity has a nearly constant value 

of ~10 with an electric conductivity of ~1 nS m
-1

. Above the percolation threshold, the dielectric 

permittivity rapidly increases to 550 at 6 wt%. However, the electrical conductivity also increases 

by a factor of 10
3
, leading to a loss tangent above 1. A further addition of conductive carbon 

black particles enhances the interfacial polarization, which leads to an increase in permittivity but 

also leads to further increase of the electrical conductivity to 0.6 mS m
-1

 at ~8 wt%. Such a high 

conductivity does not allow the efficient use of the materials as a dielectric layer in variable 

capacitors. 

The effective dielectric properties of the electrostrictive composites with an insulating layer are 

very different at carbon black concentrations above the percolation threshold. The PDMS layer 

limits the electric conductivity below 1—10 nS m
-1

. The insulating layer also leads to a decrease 

of the effective dielectric permittivity to 157 and 182 for the 8 and 10 wt% black carbon weight 

fractions, respectively. However, the obtained dielectric loss tangents are very low with 1.5⋅10
-2

 

and 2.5⋅10
-2

 for the 8 and 10 wt% carbon black systems, respectively, making them well suited 

for energy harvesting applications. Theoretical calculations of the conductivity (see supporting 

information) predict values slightly lower than the ones found experimentally, probably as a 

result of small holes and defects in the insulating PDMS layer. 

 

3.4 Electromechanical performances and power harvested estimation: 

We now investigate the performance of the bilayer composites for energy harvesting purposes. 

First, the electromechanical performances are assessed by calculating the figure of merit (FoM) 

proposed by Guyomar et al. [23,24]: 

     
  

  
      

                                   (EQ.2)  
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The FoM depends only on materials properties (    
 , Y,     and aims at comparing 

electromechanical performances of materials without any external parameters such as geometry 

and measurement details. Three compositions (6, 8, and 10 wt%) are used for performances 

comparisons (Table 2). Properties of the materials are reported in Table 2. FoM,     
 and Y are 

measured using the methods described in the experimental section. 

Table 2: Materials properties 

% CB 
Oil 

fraction 
CB (g L

-1
) 

Thickness 

(µm) 

Surface 

(m²) 
M* Y 

Y 

(MPa) 
    

  
(m

2
 V

−2
) 

6.0 0.5 6.4⋅10
1
 5,1⋅10

2
 1.1⋅10

-3
 2.2⋅10

-10
 1,38 

 1,60⋅10
-

16
 

8.0 0.5 8,7⋅10
1
 7.5⋅10

2
 6.2⋅10

-4
 1.5⋅10

-9
 1,40 

1,07⋅10
-

15
 

10.0 0.5 1.1⋅10
2
 8.0⋅10

2
 1.0⋅10

-3
 3.6⋅10

-9
 1,61 

8,46⋅10
-

15
 

 

 

3.5 Determination of the harvested power: 

Next, we examine the power generation properties of the bilayer composites by discharge over a 

load resistance Rl. As shown in FIG. 8, the voltage drop over the resistance Ur and the 

instantaneous harvested power are monitored as a function of time. The average harvested power 

per cycle    is calculated using  

   
 

 
         

 

 

 

    
      

    
 

 
         (EQ. 3) 

where T is the period of the cycle. 
 

 

 

 

 

 

 

 

 

 

FIG. 8: The voltage difference (a) and instantaneous power (b) across a load 

resistance of 1 MΩfor a 100 Hz sinusoidal strain. The applied bias voltage over 

the bilayer composite with 8 wt% carbon black is 32 V. 

 

(a) (b) 
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The theoretical harvested power is given by (see supporting information) 

   
     

  

 

      
         

     

   
        

 
 
 ,         (EQ. 4) 

where       . 

 

 

 

 

 

 

 

 

 

 

FIG. 9 shows the value of the theoretical and experimental power harvestable as a function of the 

load resistance. Best values are obtaining for a load resistance of about 1 M for both materials, 

which corresponds to the resistance with optimal power production (       
 

     
). Good 

agreement is observed between the experimental data and theoretical powers. In addition, the 

increase in FoM by a factor 5 between 8 CB wt% and 10 CB wt% leads to an increase in 

harvested power by a factor 6. 

 

3.6 Efficiency: 

FIG. 9: Harvested power of the composites 

with 8 CB wt% (green) and 10 CB wt% 

(pink) with insulating layer as a function of 

the load resistance. Squares are 

experimental data and lines are theoretical 

predictions using EQ. 7.  The strain 

frequency is 100 Hz and the applied voltage 

over the composite Vdc= 32 V. 
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To get a positive energy balance, the dissipated power must be smaller than the harvested power. 

The dissipated power for maintaining a polarization of the composite is given by [24]:  

           
   

     
 
 

,          (EQ. 5) 

where    is the internal leak resistance,    is the load resistance values, and     is the applied 

voltage difference. The internal leak resistance is calculated by Ri = 
 

  
 with the geometrical data 

from Table 2. The electrical energy gain is calculated by considering the ratio of power 

harvestable to electrical polarization losses for a bias voltage of Vdc = 32 V and a load resistance 

of Rl =1 MΩ. 

Table 3: Efficiency of the bilayer composites for different carbon black concentrations. 

% CB Harvested power (W) Power loss (W) 

Net power 

production 

(µW) 

Electrical gain 

factor 

8.00 0.20 0.12 0.08 1.74 

10.0 1.3 1.0 0.3 1.31 

 

Discussions: 

The use of an insulating layer limits the electric conductivity below 1—10 nS m
-1 

and allows us 

to use our materials for energy harvesting. Data given in Table 3 show that the energy balance is 

largely positive for both materials. The power produced by the mechanical-electrical conversion 

for the 8 wt% composite is 1.74 times higher than the power dissipated to polarize it and the net 

power harvestable is around 0.17 W m
-3

. We can see that increasing the CB wt% enables to 

increase the net harvested power by almost a factor 4, i.e. up to 0.38 W m
-3

. This is a 

consequence of the increase of permittivity of the material at 10 wt%. But at the same time, the 

conductivity of the 10 wt% composite is 1.9 higher than that of the 8 wt% composite which has a 

conductivity of 1.30⋅10
-8

 S m
-1

; leading to a net decrease in the energy balance, but to an 

increased overall power production. These excellent performances can be explained by the 

porous structure of the materials and insulating properties of the thin polymer layer. As a result, 

the electric field required to polarize the material is decreased, which is crucial for vibrational 

energy harvesting applications. 
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FIG. 7 presents the FoM of materials from the literature, and of composites developed in this 

work.  The values of the FOM are enhanced by increasing the filler concentration. For 10 wt% 

CB, the FoM is equal to 5.06⋅10
-8

                    This result exceeds the previous-best 

electrostrictive materials based on a mixture of Polyvinylidene fluoride (PVDF) terpolymers and 

carbon black by a factor 1.7. In addition, it outperforms in term of process and material cost and 

toxicity [21-22]. Increasing the FoM is a key point for increasing the power harvestable as we 

show below. Besides, their low Young’s modulus compared to PVDF polymers (~ GPa) could 

enlarge the scope of applications using low stress vibrations.  

 

 

 

 

 

 

 

 

 

 

 

 

4 Conclusions: 

We presented microporous electrostrictive composites with improved properties for vibrational 

energy harvesting. These systems are made of carbon black particles dispersed in a porous PDMS 

matrix. An inverted emulsion templating approach provides a fine control of the location of the 

particles which is a key factor to achieve high permittivity and low losses. A thin insulating layer 

was added to limit further the losses. The resulting structure possesses a very large effective 

FIG. 7: Comparison of the electromechanical performances 

at 100 Hz using the figure of merit (FoM) proposed by 

Guyomar et al. [23,24]. Thick lines have the same FOM. 

Black spots refer to materials from the literature [23,24]. 
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relative dielectric permittivity of 182 at 100 Hz in combination with a very low loss tangent of 

2.5⋅10
-2

. We succeeded in evaluating the energy scavenging abilities of these composites. More 

than 300 nW has been harvested with the 10 wt% carbon black composites which leads to a 

power density of 0.4 W cm
-3

. The present materials exhibits a figure of merit as high as 

5.06⋅10
-8

                    which is 1.7 times higher than the best reference fluorinated 

polymers and 3350 times higher than pure polyurethane [21]. The low cost process and low 

toxicity make the carbon black bilayer composites very promising materials for vibrational 

energy harvesting. The power harvested with our materials is good enough to provide a 

significant boost to the battery life of ultra-low power devices. For example, the Phoenix 

processor [25,26] has a sleep power consumption of only 30 pW and 200 nW in active mode 

which makes our materials suitable for this application. In addition, these carbon black bilayer 

composites, with excellent dielectric properties, could find potential applications as low cost 

flexible capacitors sensors in the printed electronics industry. 
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5 Supporting information 

5.2 Effective dielectric properties of a stacked bilayer 

The effective relative dielectric permittivity   and conductance   of two stacked dielectric layers 

are calculated by [27]  

     
     

       
 

              
   

      
 

with 

   
     

         
 

   
    

         
    

            
 

    

         

         
 

   
     

         
. 

Here,    is the thickness of layer 1,         is the thickness of layer 2.    and    are the 

dielectric constant and conductivity of layer  , respectively, and    is the vacuum permittivity. 

 

 

5.3 Theoretical derivation of the harvested current 

Here, we expose a theoretical derivation of the harvested current for a pure electrostrictive 

material (i.e. no piezoelectric behaviour). We depart from the differential equation for the 

harvested current    as derived by Lallart et al. [21] for a small strain  : 

       
      

 

      

  
        

       
     

  
, 
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For convenience, we define   
      

 
             

      . The above equation can then be 

rewritten as 

     

 
 

      

  
 

 

 

     

  
. 

Multiplying both sides by  
 

  gives 

 
 

  
     

 
 

      

  
   

 

 
 

 

     

  
. 

Integrating both sides yields 

 
 
         

 

 
      

  
  

      

   

 

  

 

        
  

  
 

 
 

  

       
  

  
      

   

 

  
, 

where   is an integration constant, which we set to zero as               is finite. This leaves us 

with the following integral: 

      
 

 
 
  
       

  
  

      

   

 

  

 

For a sinusoidal strain with amplitude S and angular frequency ω, i.e. 

              , 

the harvested current becomes 

        
 

 
 

  

       
  

          
 

  
. 

 By applying integration by parts twice we get 

      
 

      
                      . 
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We now insert the definitions for   and   and obtain 
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5.4 Derivation of the harvested power 

The average harvested power of a cycle    can be obtained by calculating  

   
  

 
           

 

 

 

where        is the period of the cycle. 

Inserting the above derived expression for      , we obtain 

   
  

 
 
    

        

   
       

 
 
  

 

    
 

 

 
       

 
                   

   
  

 

      
          

   
       

 
 
 . 
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