
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

122,000 135M

TOP 1%154

4,800

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by IntechOpen

https://core.ac.uk/display/322418752?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Chapter 11 

 

 

 
 

© 2012 Le and Halvorsen, licensee InTech. This is an open access chapter distributed under the terms of the 
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Microscale Energy Harvesters with 

Nonlinearities Due to Internal Impacts 

Cuong Phu Le and Einar Halvorsen 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/52048 

1. Introduction 

Energy harvesting from mechanical vibrations is one among several alternatives currently 

considered as power sources for wireless devices. The main motivation is the prospect of 

eliminating maintenance or increasing maintenance intervals by providing a means for 

recharging batteries or replacing batteries altogether. Energy harvesting can also be an 

enabling technology for applications where operating conditions, e.g. temperature, inhibit 

use of batteries. The prospect of reducing system size can also be a factor of interest. 

Vibration energy harvesting is therefore a topic of great interest in the scientific community 

[1-6], especially regarding miniaturized devices. For macro scale devices, commercial 

products have already emerged [7].   

A vibration energy harvester is usually a spring-mass-damper system with a transducer that 

is continuously driven by the relative motion of the mass with respect to a device frame. The 

transducers are typically one of the three main types: electromagnetic, piezoelectric or 

electrostatic [1-2, 8-14]. For small scale systems, vibration energy harvesters face at least two 

fundamental obstacles. Reduced size necessarily means reduced mass, meaning reduced 

output power in an inertially driven device. Furthermore, the smaller harvesters have 

smaller space available for proof mass motion which again limits the distance over which 

work can be done.  

In practical generators, mechanical end-stops are intentionally designed in order to confine 

the displacement of the inertial mass to the finite die dimension and to avoid spring fracture 

or degradation of material properties. When the acceleration amplitude is sufficient for 

proof-mass impacts on end-stops to occur, non-linear effects such as the jump phenomenon 

in the displacement vs. frequency response appear. Even though this behavior can be 

exploited to extend device bandwidth, operating a conventional harvester in this regime has 

the considerable disadvantage that the output power saturates at high excitation levels and 
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therefore the effectiveness of the device decreases.  This saturation is quite generic and has 

been reported for a variety of devices [15-20].            

This chapter is concerned with the extent to which the internal impacts on these end-stops 

can be exploited by making transducing end-stops. Several prototypes utilizing impact 

principles in macroscale piezoelectric devices have been presented [21-28]. Here we consider 

microscale electrostatic energy harvesters with two types of transducers, main transducer 

and secondary end-stop transducers. At sufficiently strong excitations, the impact of the 

proof-mass onto the end-stops actuates the secondary transducer and thereby harvests the 

excess kinetic energy of the proof mass. Therefore, the device provides power through two 

states as excitation strength increases, a first stage with only primary transducer output, and 

a second stage with output from all transducers.              

For a velocity damped generator, the end-stop limit is reached when AQ=ZLω02 where A is 

the package acceleration, Q is the total (loaded) quality factor, ω0 is the angular resonant 

frequency and ZL is the maximum displacement. In a previous work [29], we demonstrated 

the concept on an open device with a relatively high mechanical Q of about 200. Here, we 

demonstrate the concept on an encapsulated device with a rather low Q of about 4.  As in 

[29], we compare to a reference device of the same die dimensions.  

Section 2 of this chapter details the motivation and working principle for the impact-based 

electrostatic device. The MEMS-implementation of the concept, made in the Tronics MPW 

foundry process [31], is described in detail in Section 3, modelled in Section 4 and 

characterized in Section 5. 

2. Device principles  

A schematic model of a traditional harvester is shown in Figure 1.  With such a design, the 

typical behavior in frequency sweeps is a clipping of the resonance peak and the occurrence 

of a jump phenomenon on the high frequency side of the clipped peak. With increasing 

amplitude, the output power eventually saturates, at least approximately. These effects have 

been observed in several devices, e.g. in a mesoscale electromagnetic harvester by [16], a 

mesoscale piezoelectric harvester [18-19] and a microscale electrostatic harvester [17]. Some 

examples of measured and simulated characteristics of a microscale electrostatic energy 

harvester from [30] are shown in Figure 2 which displays “clipping“ of the response and 

extended up-sweep bandwidth, and Figure 3 which displays saturation.  

The clipping of the response in Figure 2 and the saturation in Figure 3 are direct negative 

consequences of the displacement limit. Whether the end-stop impacts are elastic or give 

loss of kinetic energy, is not significant for the output power when the vibrations are 

sinusoidal and at the resonant frequency [19]. Loss at end-stop impacts mainly affects the 

phase relationship between the driving force and the displacement. This has consequences 

for the value of the jump-down frequency in the up-sweep (at about 1450 Hz in Figure 2) 

and the details of displacement waveform. The displacement waveform may even show 

period doubling or chaotic-like behaviour without significant deviation from the saturation 
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characteristic in Figure 3, see [32]. If we are mainly concerned with vibrations at the 

resonant frequency, we are then free to design the end-stop with any degree of loss that we 

deem suitable without compromising the output power performance.  

 

 
 

Figure 1. A schematic illustration of typical energy harvesters including a spring-dashpot mass system 

with use of mechanical end-stops to limit mass motion 

 

 
 

Figure 2. Up-sweep frequency response of RMS output voltage for different acceleration levels at bias 

voltage Vb=30V.  From [30]. 
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Figure 3. Output power versus acceleration amplitude for different bias voltages. From [30]. 

The observation that end-stop loss is not important suggests that it can be beneficial to 

design end-stops that are also transducers. The concept is illustrated by velocity damped 

end-stops in Figure 4. If these secondary transducers can scavenge significant proof-mass 

kinetic energy at each impact and convert it to electrical energy, we obtain power in 

addition to that already available from a primary transducer that will be present and 

associated with the proof-mass motion anyway. The questions are then how these 

transducing end-stops can be made and, since some chip real estate must be allocated for 

them, if this approach has any advantages over using the entire area for a conventional 

device.      

 

 

Figure 4. A schematic illustration of device concept with use of end-stops as additional transducers 
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3. MEMS devices  

Here we consider a MEMS realisation of a device based on internal impacts as motivated in 

the previous section.  

3.1. Impact device 

Figure 5 shows an impact-device design. There are three independently suspended 

structures that constitute the device: one primary mass with its electrostatic transducer 

(ET1) and two secondary electrostatic structures with their own transducers (ET2) acting as 

end-stops to prevent the ET1 proof mass motion. The ET1 is an ordinary comb-drive 

structure driven by a movable proof mass mp attached to four linear-springs with total 

stiffness kp and a corresponding damping coefficient bp. For in-plane motion of the primary 

mass, the output power is scavenged by the ET1 transducer which has two overlap-varying 

capacitances with opposite phase. The ET1 transducer is characterised by a capacitor finger 

length lp, a capacitor finger width wp, gap between fingers gp, an nominal finger overlap x0p 

and Np fingers on each side.  

 

 

Figure 5. Schematic layout of the impact device with additional secondary electrostatic transducers 

functioning as end-stops for the primary mass 
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Figure 6. A total view of the impact device with primary and secondary electrostatic transducers 

(Photograph: Tronics Microsystems S.A.) 

 

Figure 7. A close-up view of the primary and secondary transducers of the impact device (Photograph: 

Tronics Microsystems S.A.)  

 

Figure 8.  Secondary spring and gap-closing transducer of the secondary structure (Photograph: 

Tronics Microsystems S.A.) 
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The ET2 transducer has a mass ms and a mechanical damping bs. The ET2 suspension is 

designed as two single beams with a total spring stiffness of ks, giving much larger resonant 

frequency than that of the ET1. The ET2 uses a gap varying capacitance with capacitor finger 

length ls, finger width ws, finger overlap x0s and a nominal capacitor gap gs. The number of 

fingers is Ns for each ET2 electrode. Rigid end-stops are used to limit the ET2 motion under 

overload conditions. The gap varying transducer was chosen for ET2 in order to obtain a 

large capacitance variation for a small displacement.  

The ET1 and ET2 are accelerated in the same direction. Assuming negligible inertial 

actuation of the secondary structure, the impact between the primary and secondary masses 

occurs when the displacement amplitude of the primary mass reaches the limit dps, exciting 

the secondary transducers to generate extra output power. The maximum displacement 

amplitude of the secondary mass is dss. The impact is a contact of bumps on flat surface 

designed on the mass shape. The cylindrical bumps have semi-cylindrical geometry with 

radius R. The modelling of this kind of structures was investigated in [30].  

The die is 8×4mm2 and is fabricated in the Tronics MPW (multi-project wafer) service with 

high aspect ratio micromachining of the 60µm thick device layer of Silicon-on-Insulator 

(SOI) wafers [31]. Figure 6 shows the full view of the device. The ET2 mass ms is significantly 

smaller than the ET1 mass mp, mp=14ms. Effort is made to utilize the available area. Placing 

the supports within the area of the proof mass, makes sure a minimum area is wasted so the 

proof mass can be as large as possible while leaving the entire length of proof mass available 

for the comb-drives.  

Figure 7 shows a close-up view of the primary and secondary masses. The ET1 proof mass is 

attached to four springs. The springs in this device are designed as folded flexures with 

released stress in the axial direction, resulting in the linear beams for transverse motion. The 

ET2 spring design makes use of two single beams separated by a distance of 2.5mm, giving 

linear behavior within the ET2-structure travel length. In order to secure predictable beam 

widths, protection beams oriented in parallel with the spring beams are included to reduce 

over-etching of the spring beam during fabrication. With this counter measure, we expect 

the beam cross-section to be closer to the ideal rectangular shape, and therefore its stiffness 

to be close to the design value. The measured resonance frequency deviates approximately 

1.5% from the design value.  

There are four metal pads on anchors: two  placed on the ET1’s anchors and two deposited 

on the ET2’s anchors. They connect to voltage sources used for external biasing in the 

experiments. Four remaining metal pads are placed on the fixed electrodes to connect the 

external load resistances.  

Figure 8 presents details of the ET2. We see the gap-closing transducer and the bump 

geometry for the contact regions between the ET1 and ET2 structures. The spring anchors of 

the ET2 structure also function as rigid end-stops that restrict maximum displacement of 

both ET1 and ET2 structures to avoid contact between fixed and counter electrodes. All of 

the device parameters for the ET1 and the ET2 are listed in Table 1.    
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Parameters 
Primary 

structure 

Secondary 

structure 

Die dimensions 8×4mm2 

Device thickness, t 60µm 

Length of capacitor fingers, lp, ls 25µm 30 µm 

Width of capacitor fingers, w 4µm 4µm 

Gap between capacitor fingers, gp, gs 3.0µm 3.5µm 

Number of capacitor fingers on each electrode, Np, Ns 416 225 

Nominal capacitor finger overlap, x0p, x0s 10µm 25 µm 

Length of spring 

Width of spring 

500µm 

6.5µm 

350µm 

5.2µm 

Distance between primary and secondary masses, dps 4.0µm 

Distance between secondary mass and rigid end stops, dss 3.0µm 

Bump radius, R 30µm 

Table 1. Parameters of the impact device: primary and secondary electrostatic transducers 

3.2. Reference device 

Figure 8 shows a view of the reference device with its in-plane overlap-varying transducer. 

The transducer is similar to the primary transducer of the impact device. Both device 

prototypes have the same chip dimension. The reference transducer has a larger area for the 

proof mass and a slightly higher transducer capacitance than the ET1. This is due to more 

space being available within the same chip real-estate when there are no transducing end-

stops. The reference proof mass is suspended by four folded flexure beams. The beams are 

connected to fours anchors acting as rigid end-stops to confine maximum displacement of 

the proof mass. This device was described in detail in [30] where end-stop modeling was 

studied.  

 

Figure 9. A view of the reference device with the same die dimension [30] (Photograph: Tronics 

Microsystems S.A.) 
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The reference transducer is also biased externally. The output voltage is simply connected to 

load resistance via the metal pads deposited on the fixed electrodes. Further details of the 

reference-device geometry can be found in [30].     

4. Modelling  

As a check that the device operates according to our understanding, we will compare 

measurements to simulation. At the lumped-model level, the device dynamics is governed 

by a few nonlinear differential equations that can be solved by a variety of numerical tools. 

We prefer to use a circuit simulator as a solver, i.e. LT-SPICE, and therefore need to 

formulate the dynamics as an equivalent circuit. The overall scheme of the modelling is the 

same as we previously used for our previous MEMS devices [30]. Special features here are 

that there are 3 mechanical degrees of freedom in the impact device, the proof mass position 

and the position of each of the two secondary structures, and that the impacts are very 

crucial for the operation.  

p
q 

s
q 

 

Figure 10. Lumped model of the impact device: a) primary electrostatic transducer (ET1) and b) 

secondary electrostatic transducer (ET2) in one port 

The device is modeled as showed in Figure 10 which gives equivalent circuits for the 

mechanical and electrical parts of the primary structure and of a secondary structure. The 

proof mass displacement of the ET1 and ET2 are characterized by two variables xp and xs 

giving the displacement from the nominal position. An impact between the primary and 

secondary masses takes place for the relative displacement beyond the limit of dps. Similar 
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to the reference device, the ET2 design also has its own rigid end-stops to prevent its 

proof mass motion from extremely high acceleration which probably causes collapsing 

effects. The rigid end-stops are engaged for secondary displacements larger than a 

maximum distance dss. The force Fss between the ET2 and the rigid end-stops are modeled 

using behavioral voltage sources as described in [30]. All model parameters of the impact 

device are listed in Table 2. Both ET1 and ET2 have the same bias voltage Vb. Due to the 

similar design of the reference device and the primary ET1, their optimal load resistances 

are almost equal. For simplicity the ET2s are also connected to the same load resistance RL 

as the reference device and ET1, giving a straightforward later comparison between the 

outputs of the two devices.  

 

Parameters Primary ET1 Secondary ET2 

Inertial proof mass, mp, ms 2.1mg 0.15mg 

Spring stiffness, kp, ks 115.1N/m 29.5N/m 

Damping coefficient, bp, bs 4.0e-3Ns/m 0.2e-3Ns/m 

Nominal variable capacitance, C0p,C0s 1.3pF 1.6pF 

Parasitic capacitance, Cpp, Cps 17.9pF 6.0pF 

Load resistance, RLp, RLs 4.9MΩ 4.9MΩ 

Load parasitic capacitance, CLp, CLs 4.2pF 2.0pF 

Table 2. Model parameters of the impact device: primary and secondary electrostatic transducers 

5. Measurements  

Figure 11 shows the frequency response of the impact device compared with the reference 

device response for an RMS acceleration of 0.71g and a bias voltage Vb=7V in linear regime. 

At the small acceleration level, the primary mass motion is below limit and then there is no 

impact between the masses. The output power of the impact device is mainly from the ET1 

transducers. The simulation results fit well to the measured results. The ET1 behaves 

similarly to the reference device. In design, the resonance frequency of the ET1 is the same 

as that of the reference device, but due to the over-etching effects, the ET1 resonance 

frequency is slightly smaller, about 1168Hz. The output  power of the reference device is 

bigger than that of the ET1 at the same frequency. For example at the resonance frequency, 

the ET1 output power is 0.06nW, about three times less than the value of the reference 

device. The lower output power of the primary transducers originates from the smaller 

primary mass mp<m and the smaller transducer capacitance C0p<C0. This is due to the area 

sacrificed for the secondary transducers in the impact design.     
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Figure 11. Frequency response of the impact device compared to the reference device for bias voltage 

Vb=7V and RMS acceleration of 0.71g 

Fig. 12 shows the output power for frequency up-sweeps for each transducer in the 

reference and impact devices at Arms=5.5g, which is sufficient to cause impacts between the 

primary and secondary masses. Compared with the reference output power, the primary 

output power is still smaller around the resonant frequency. The output power of the 

secondary transducer is significant in a frequency range from 1.15kHz to 1.30kHz. For 

example, at a frequency f=1.22kHz, the secondary output power is 108nW, but the output 

power of the reference and primary transducers is only 3.0nW and 1.4nW respectively. The 

energy from the impact is effectively utilized by the high transduction of the secondary 

transducers in the impact device. The nonlinear effect of the rigid end-stops is evident in the 

reference output response as saturation of the output power and occurrence of the jump 

phenomenon. The impacts have no performance benefit beyond up-sweep bandwidth 

enhancement in the reference device. Performance of the impact device is also modeled and 

simulated. The simulation results capture the main features of the measurements and 

thereby confirm that the essential mechanisms in the device have been identified.  

A wider response bandwidth is obtained in simulation for the secondary transducer, while 

the primary transducer response behaves qualitatively like the measured result. The main 

differences between the measured and simulated results can be explained from the 

modeling of the impacts. We have seen in the simulations that when varying the loss in the 

impact model, the bandwidth is affected so inaccuracy in the loss representation can be at 

least partly responsible for the discrepancy.  In addition, the design values for the device 

geometry have been used in the model and therefore small deviations in the distance of 

travel before impact could influence the impact events and thereby the bandwidth.  
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Figure 12. Output power frequency responses of the primary and secondary transducers in the impact 

device compared to the output from the reference device at RMS acceleration of 5.5g and bias voltage 

Vb=7V 

Figure 13 compares the output powers of the reference and impact devices under bias 

voltage Vb=7V and at their resonance frequencies. For the impact device, the total output 

power is the sum of the primary and secondary output powers. For small accelerations, the 

primary mass does not impact on the secondary mass. The total output power is only 

contributed from the primary transducer. As a result, the total output power of the impact 

device is less than that of the reference device. For RMS accelerations larger than 3.5g, the 

primary mass begins to impact on the secondary structure. The secondary output voltage is 

dominant for RMS accelerations greater than 4.5g, giving a total output power significantly 

higher than that of the reference device. For example, the total output power of the impact 

device is approximately 200nW at an RMS acceleration of 5.5g, 33 times greater than RMS 

output power of the reference device which is 6.1nW. Further increase of the acceleration 

amplitude causes the secondary structure’s motion to be limited by its own rigid end-stops. 

In this case, the impact device saturates at much higher output power level than the 

reference device does.  Since the proof-mass displacement constraint is the same for both 

devices and the masses are about the same, this means that the secondary transducers have 

provided a dramatic increase in the harvester effectiveness. 

Figure 14 illustrates the frequency response of the total output power of the impact device 

and the reference device in frequency up- and down sweeps at an acceleration amplitude of 

5.5g and bias voltage Vb=7V. The total output power of the impact device is considerably 

higher than that of the reference device in the frequency range of secondary-transducer 

activation. There is no jump phenomenon or hysteresis in the frequency response of the 

impact device at such accelerations. This differs from the reference device. 
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Figure 13. Comparison between measured output power of the reference and impact devices for bias 

voltage Vb=7V at resonance frequencies 

One notable difference between this encapsulated low-Q device and the unpackaged high-Q 

device presented earlier [29] is the large difference in the RMS acceleration that is required 

for end-stop engagement. It is rather obvious that the difference in Q is responsible for this, 

but for both devices a subsequent additional increase in RMS acceleration is necessary 

before the output of the secondary transducers become appreciable, in the present device 

from 3.5g to  4.5g. For future designs, measures should be taken to ensure that the end-stop 

transducers are effective already when actuated a small distance so as to narrow down this 

range of RMS accelerations.     

The merits of the impact-device concept can be quantified through the figure of merit 

energy harvester effectiveness as defined in [1]. Some example values are given for the 

present packaged device and a previous unpackaged device in Table 3. For conventional 

energy harvesters operating in the linear regime with displacement less than the limit 

Xmax, the effectiveness is proportional to the acceleration amplitude. Then, it degrades as 

the acceleration amplitude increases beyond the value needed to reach the maximum 

amplitude Xmax. This behaviour is displayed by the reference-device values in the table. 

With the active end-stops, the extra power improves the harvester effectiveness under 

displacement-limited operation. For the packaged devices presented in this book chapter, 

the effectiveness of the impact device is 4.25%, while this value is only of 0.11% for the 

reference device in the impact regime. The high mechanical quality factor Q in the 

previous unpackaged devices gives an even larger effectiveness up to 23.12%. Microscale 

energy harvesters have typical effectiveness in the range from 1% to 10% and it is lower 
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for smaller displacement limits [1]. The impact devices therefore achieve effectiveness 

values under displacement-limited operation that are comparable, or even favourable, in 

comparison with other device prototypes in [9, 15, 17-18, 33-36] with the same scale of the 

displacement limit. Together these examples show that there is much to be gained from 

transducing end-stops. 
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Figure 14. Frequency response of the measured output power of the reference and impact devices for a 

RMS acceleration of 5.5g and bias voltage Vb=7V 

 

Packaged prototype, Xmax=7µm Unpackaged prototype, Xmax=10µm [29] 

RMS acceleration 

amplitude [g] 

Effectiveness [%]
RMS acceleration 

amplitude [g] 

Effectiveness [%] 

Reference 

device 

Impact 

device 

Reference 

device 

Impact 

device 

Linear 

regime 

2.10 0.074 0.037 
Linear 

regime 

0.04 11.18 9.56 

4.19 0.145 0.078 0.06 17.42 14.81 

Impact 

regime 

5.15 0.139 3.017 
Impact 

regime 

1.76 5.40 14.44 

5.50 0.106 4.249 1.87 5.09 23.12 

Table 3. Comparison of harvester effectiveness between the reference and impact devices  
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6. Conclusion 

An electrostatic energy harvester with in-plane overlap-varying transducers on the primary 

mass and with secondary gap varying transducers as end-stops has been designed, modeled 

and characterized. The simulations are consistent with the measurement results. The 

performance was compared with that of a standard in-plane- overlap-varying type device. 

With the transducing end-stops we have seen that a considerable performance boost is 

obtained, with output power up to a factor 33 over the reference device, even though the 

reference device performed a factor of 3.4 better at low acceleration levels. None of the 

typical jump phenomena were observed in up and down frequency sweeps for this device.  

The frequency response of the impact device had approximately the same bandwidth as the 

reference device had on down sweeps.      
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