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L        E        T       T       E       R        S  

ICT-ENERGY 

The increasing power and energy 
consumption of modern computing devices is 

perhaps the largest threat to technology 

minimization and associated gains in 

performance and productivity. If we want to 

effectively   address  the  ICT-energy  issue  we  need  to 

but will not change the future of ICT. At the architecture level we need new 

computing architecture paradigms that are extremely more energy efficient. 
The main objective at the architecture level is to attack the power-wall problem by 

radical software-hardware techniques that are driven by future circuit and device 

characteristics on one side, and by a programming model based on message passing 

on the other side. At device level we need to challenge researchers to design, realize 

and test micro-devices for sensing, computing and communication that can be 

operated below the KT scale of energy. Recent advances in nanoscale technology and non-

equilibrium thermodynamics indicate that this is conceptually possible. How to make it happen is 

still an open issue. (LG) 
 

specifically focus on energy dissipation at 

all the levels of the system stack (Physics, 

devices, architecture, system software, 

application) and on their interaction along 

the operation chain. State of the art 

approaches are based in incremental 

improvements in the energy efficiency of 

microprocessors realized with existing 

technology. Improving efficiency on the scale of 

fractional points will help  saving  some  energy 
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Why is energy efficiency in software important and  

how can it be improved? 
 

On Dec. 11th, 2014 Prof. John Patrick Gallagher from Roskilde University 

and Dr. Kerstin Eder from Bristol University jointly gave a presentation at 

the Danish Society for Engineers (ida.dk) in Copenhagen. They explained 

the role of software in the development of energy-aware applications. 

 

The complete news and the pdf files of the presentations can be found 

here: http://ida.dk/event/311366 
 

 

 

 

 

Doctoral Programme in the Physics and Mathematics of Information 

 
 
Call for applications to the 2015 edition of the  
Doctoral Programme in the Physics and Mathematics of Information: Foundations of Future Information 
Technologies (DP-PMI). 
 
The DP-PMI aims at providing advanced curricular and research training in the recent developments and fundamental 
challenges in information sciences and technologies, namely in: 
 
1. Classical and Quantum Information Theory;  
2. Classical and Quantum Logic, Computation and Machine Learning;  
3. Classical and Quantum Information Security and Communications;  
4. Nanoenergetics and Quantum Thermodynamics;  
5. Ultimate limits to precision measurements and navigation.  
 
The DP-PMI is hosted by Instituto Superior Tecnico (IST), the School of Science and Engineering of the University of Lisbon, in 
Portugal, and eight associated research centres. 
 
The programme is funded mainly by a 2.2 MEuro grant from the Portuguese Science Foundation (FCT). The first DP-PMI class 
has started in January 2014. The programme will recruit up to 8 students in 2015 and up to 20 more students over the next 
two years, with the last DP-PMI class expected to graduate in 2021. 
 
The Doctoral Programme in the Physics and Mathematics of Information aims at recruiting top-level students at the global 
scale, and train them in a multidisciplinary and international setting. The applications for the 2015 edition of the DP-PMI, 
starting in September 2015, are open until 25 March 2015 at 14h00 Lisbon time. 
 
For more information, see: http://www.dp-pmi.org/  
 

http://ida.dk/event/311366
http://www.dp-pmi.org/
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"FET and Innovation" workshop 
 

The workshop, held in Brussels on Feb. 5th, 2015, was organized by the 
Future and Emerging Technologies (FET) unit of Directorate General for 
Communications Networks, Content and Technology (DG CONNECT). It had 
place on the premises of the European Commission at Avenue de Beaulieu, 
25, Brussels. 
 
The Future and Emerging Technologies programme invests in 
transformative frontier research with a high potential impact on technology, 
to benefit our economy and society. FET provides a unique combination of 
high risk, long term, multidisciplinary and collaborative frontier research, 
which lays the foundations for radically new technologies.  
 
Innovation out of FET research is what can make a difference between 
having the best research and doing something useful with it, something that 

people will embrace, that will improve society and create better lives for all for the years to come. The workshop aimed at 
identifying ecosystems that can stimulate innovation from FET type of research and the actions necessary to put the 
ecosystems in place, identifying notably the ones that may need support at the European level.  During the workshop it was 
advanced the need to find a proper funding instrument to fill the gap between FET funded research (challenging, high-risk, 
long-term) and main stream ICT funded programs that aims at short-term results. 
 
L. Gammaitoni, the coordinator of the C.A. ICT-Energy where more 50 research groups are represented, proposed a set of 
ideas that can be briefly resumed as "We need to find a way to bridge the gap between proof-of-concept results, produced by 
the best FET projects, and products that are the declared objective of main stream ICT research". 
 

 

ICT-Energy and ACACES Summer Schools 2015 
 

 
 
Two summer schools relevant for the ICT-Energy topics: 
 

1) ICT-Energy International Summer School on Energy consumption in future ICT devices. 7-12 July 2015, Fiuggi, 
Italy 

2) Eleventh International Summer School on Advanced Computer Architecture and Compilation for High-
Performance and Embedded Systems (ACACES), 12-18 July 2015, Fiuggi, Italy 

 
The ICT-Energy International Summer School on Energy consumption in future ICT devices is organized by the Noise in 
Physical System Laboratory as the sixth edition of NiPS Summer School series. The school, supported by European 
Commission under the FET Coordination Action ICT-Energy (www.ict-energy.eu), is open to graduate students, post-docs, 
young researchers, and in general to all scientists interested in the physical foundations and practical applications of energy 
management in future ICT-Devices.  
 
More information here: www.nipslab.org/summerschool. 
 
The ACACES Summer School is organized by the HiPEAC Network of Excellence (www.hipeac.net). ACACES 2015 is the 
eleventh edition of the Summer School. The ACACES Summer School is a one week summer school for computer architects and 
tool builders working in the field of high performance computer architecture and compilation for computing systems. The 
school aims at the dissemination of advanced scientific knowledge and the promotion of international contacts among 
scientists from academia and industry. 
 
More information here: http://acaces.hipeac.net/2015/ 

 

http://www.nipslab.org/summerschool
http://acaces.hipeac.net/2015/
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Workshop on Energy-Efficient Computing Systems 

 
The European Commission, together with the HiPEAC consortium, organized a 
workshop on Energy-Efficient Computing Systems in Brussels, on November 27th, 
2014.  
 
The objective was to discuss the state of the art and the future perspectives in the 
areas of smart energy management, dynamic adaptation of Quality of Service, 
approximate computing and related topics and to identify possible actions to develop 
the next generation of computing systems powering cyber-physical systems and the 

Internet of Things, with a specific focus on software development for Cyber-Physical Systems, industrial and time-critical 
applications used in sectors like aerospace, automotive, transport and automation sectors.  
 
A small number of experts were asked to participate and to advice the European Commission on future actions and directions 
for the research and innovation work programme. The key subjects discussed are described in the workshop report, available 
at this link: http://ec.europa.eu/information_society/newsroom/cf/dae/document.cfm?doc_id=8756 
 
 

 
 

Proposal for special Session:  

“Minimising energy consumption of computing to  the limit” 

 

Organizers:  

- Dr. Giovanni Ansaloni (USI-Lugano, Switzerland)  

- Prof. David Atienza (EPFL, Switzerland)  

Session Objectives: 

Stemming from the research efforts being carried in the European projects ICT-Energy (www.ict-energy.eu) and Phidias 
(www.phidiasproject.eu), the session will focus on opportunity and challenges of novel energy-efficient computing solutions.  

In this context, the session aims to offer a holistic view of the ultra-low-power computing landscape. In detail, Dr. Francesco 
Orfei (University of Perugia) will discuss the fundamental energy efficiency limits of CMOSFET devices. Complementary, 
Giuseppe Tagliavini (University of Bologna) will illustrate how the opportunities and the limitations in upcoming digital design 
technologies can be exposed at the compiler level to maximise the overall energy efficiency of systems. At the crossroad between 
hardware and software, Dr. Pablo Garcia del Valle (EPFL-Lausanne) will propose a novel approach for run-time resource 
management of inexact ultra-low-power cyber-physical platforms, focusing on embedded bio-signal analysis applications. A 
fourth (optional) talk, given by prof. B. Juurlink (TU-Berlin), will focus on the opportunities offered by the GPGPU paradigm 
from low-energy viewpoint. 

By providing solutions across different layers of the hardware/software stack, the talks will seamlessly integrate in illustrating 
promising research directions towards the realization of energy-minimal systems. Being energy efficiency a major challenge for 
today’s digital platforms, we are confident that the session will be of great interest for the ISVLSI community. 

Contributing papers: 

F. Orfei and L. Gammaitoni : “Logic switches operating at the minimum  energy of computing”  

Corresponding author: F. Orfei (francesco.orfei@nipslab.org)  
- Noise in Physical System (NiPS) Laboratory, University of Perugia, Italy 
 
Abstract - In modern computers information is processed through binary switches, usually realized with transistors, i.e. 

http://ec.europa.eu/information_society/newsroom/cf/dae/document.cfm?doc_id=8756
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microelectronic devices. Thus binary switches represent a paradigmatic example of "small scale physical systems" 
employed in the process of information. In the last forty years the semiconductor industry has been driven by its ability 
to scale down the size of the CMOS devices, to increase computing capability and reducing the power dissipated in heat. 
Thus we assisted to a continuous reduction in the supply voltage and electrical noise can be an important issue to take 
into account for the performance of the device. Here we discuss the relationship between the energy required by an 
advanced ultra low power logic gate and the associated error rate at different operating frequencies 

G. Tagliavini, D. Rossi, A. Marongiu and L. Benini : “Synergistic Architecture and Programming Model Support for Approximate 
Micropower Computing” 

Corresponding author: G. Tagliavini (giuseppe.tagliavini@unibo.it)  
- ERC Multitherman Laboratory, University of Bologna (DEI), Italy 
 
Abstract - Energy consumption is a major constraining factor for embedded multi-core systems. Using aggressive voltage 
scaling can reduce power consumption, but memory operations become unreliable due to the lack of sufficient static 
noise margin. Fortunately, several embedded applications exhibit inherent tolerance to computation approximation. For 
these applications, indicating what regions of code and memory items can tolerate errors has proven a viable way to 
reduce energy consumption by using low-voltage operations in a controlled manner. In this work we propose an 
extension to the OpenMP programming model for allowing the programmer to specify what regions of code and data are 
tolerant to approximation. A set of compiler optimization passes place data either into memory regions with different 
reliability guarantees. Moreover, they allow to dictate the run-time voltage supply level according to tolerance policies, 
with the overall goal of minimizing energy in full compliance with precision constraints. 

P. Garcia del Valle, S. Basu, G. Karakonstantis, G. Ansaloni and D. Atienza : “Significance-based Memory Protection for Ultra-low-
Power Bio-signal Analysis Applications.” 

Corresponding author: P. Garcia del Valle (pablo.garciadelvalle@epfl.ch)  
- Embedded Systems Laboratory, École Polytechnique Fédérale de Lausanne (ESL-EPFL), Switzerland 

 
Abstract - Wearable devices performing advanced bio-signal analysis algorithms will foster a revolution in healthcare 
provision of chronic cardiac diseases. In this context, energy efficiency is of paramount importance, as long-term 
operations must be performed within an extremely tight power budget. Aggressive voltage scaling is an effective strategy 
towards this goal, but presents the adverse effect of causing bit-flip errors in the memory sub-system.  
The application of error correction codes to the whole memory results in large area and energy overheads. To cope with 
this challenge, in this paper we propose to selectively protect only data presenting high significance, i.e.: highly impacting 
the end-to-end quality of service. The resulting heterogeneous error protection scheme allows substantial energy savings 
with respect to complete protection, while resulting in negligible results degradation of cardiac bio-signal processing 
algorithms. 

Optional paper: 

B. Juurlink, M. Alvarez-Mesa, J. Lucas, S. Lal, B. Wang : “Low-Power Parallel Computing on GPUs - Overview and Some 
Highlights.” 
 

Corresponding author: Ben Juurlink (b.juurlink@tu-berlin.de)  
- Embedded Systems Architecture group, Technische Universität Berlin, Germany 
 
Abstract - The LPGPU project was a European project that ran from September 2012 until October 2014. This paper 
present a bird’s eye view of the project and highlights some of its achievements. The overall goal of the project was to 
advance the state of the art in applications for low-power parallel computing on GPUs, devising tools that support the 
development of efficient GPU implementations as well as tools that can support GPU architecture research, with the aim 
of advancing the state of the art in low-power GPU architectures. In each of these areas we present its main outcomes. 
Regarding applications we present the challenges of efficiently mapping video codecs onto heterogeneous CPU+GPU 
platforms. With respect to tools, we provide a brief description of the LPGPU power simulation framework as well as a 
tool that allows developers to fuse GPU kernels, thereby significantly reducing the power consumption. Finally, regarding 
low-power GPU architectures we present an architecture based on an approach called Temporal SIMD (T-SIMD), its 
potential for increasing performance and power efficiency, along with its shortcomings and our proposals on how to 
overcome them. 
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Stochastic Resonance on a piezoelectric cantilever both 

mechanically and electrically driven

Elisabetta Boco1, Giulia Orecchini2 
1Stokes Institute, University of Limerick Ireland, 2Engineering Department, University of Perugia, Italy  

 
Abstract— In this paper, the study of the stochastic resonance 

phenomenon on a bistable piezoelectric cantilever is presented. Two 

sets of experimental data are shown: in the first,  random vibrations 

are given in input, along with a little sinusoidal excitation. In the 

second, a sinusoidal voltage is applied to the piezoelectric cantilever 

and mechanical noise is given as excitation. Data shows that the 

Stochastic Resonance phenomenon occurs in both the configurations. 

The amplification of the periodic component in the system response 

is finally discussed. 

I. INTRODUCTION 

THE concept of Stochastic Resonance (SR) has been put 

forward by Benzi et al. [1] to model the periodic recurrence of the 

ice ages, which overcomes the very chaotic nature of the climatic 

behaviour. Nowadays SR is used in a wide range of theoretical 

studies and applications, as neurophysiology models, image 

enhancement and microelectronics.[2,3,4,5] 
SR occurs when a nonlinear bistable system is driven with a weak 

periodic excitation overimposed to a stochastic one (Fig.2): the 

low periodic component bends the Duffing potential, causing one 

of the two well to be energetically favourite every half of a period, 

while the  stochastic excitation causes the transition between the 

two potential wells with a rate that is defined by the Kramer's rate. 

 

𝑟𝐾 =
𝜔0𝜔𝑏

2𝜋𝛾
exp(

−𝛥𝑉

𝐷
) 

 

Where ω0, ωb are, respectively, the resonance frequency in the 

potential well and the second derivative in the barrier maximum, 

γ is the damping, ΔV is the height of the potential barrier, and D 

is the noise strength. 

It has been demonstrated that a particular level of noise exists, 

which ensures the syncronization between the stochastically 

activated hopping between the wells, and the weak periodic 

forcing [6,7,8]. 

Fig.2:  Duffing potential with a periodic tilting ( f=2Hz) during one 

period of the harmonic excitation. 

 

Hence the SR phenomenon is capable of amplifying a weak 

periodic component in a very noisy enviroment, making the whole 

system respond with the periodic force frequency.  In this paper a 

bi-layer piezoelectric cantilever is excited with a weak periodic  

forcing and a stronger stochastic one. A range of stochastic 

excitation levels are investigated, in order to show the 

amplification effect in the periodic component. 

The same analysis is conducted, as first, using mecahanichal 

vibrations as both periodic and stochastic excitations and then, 

using the deflection caused by a sinusoidal voltage applied to the 

piezoelectric layers as periodic signal. 

In each case, the maximum of the Signal to Noise Ratio (SNR) is 

taken into account as the fingerprint of the SR. 

 

𝑆𝑁𝑅 =
𝑆(𝛺)

𝑆𝑁(𝛺)
 

 

where S(Ω)  is the height of the periodic peak at the forcing 

frequency 𝛺 , and SN(Ω)  is the height of the noise base in the 

spectrum of the output signal at the same frequency. 
 

II. MODEL 

The deflection due to a mechanical excitation of a piezoelectric 

cantilever, and its produced output voltage can be described by the 

following system of two differential equation [9, 10]: 

 

𝑚�̈�(𝑡) = 𝑈(𝑥) − 𝑘𝑥(𝑡) − 𝛾�̇�(𝑡) − 𝑘𝑉𝑉(𝑡) + 

+𝐴𝑠𝑖𝑛(𝜔𝑡) + 𝜎𝜉(𝑡) ) 

 

�̇� =
−1

𝑅𝐶
𝑉 + 𝑘𝐶𝐶 

 
where m, k and γ are respectively the effective mass, elastic 

constant and viscous damping measured on the real cantilever, 

under the hypothesis that it is behaving like a lumped linear 

oscillator (magnets are removed). Finally kV, kC, are the 

piezoelectric coupling coefficients, and sigma is the standard 

deviation of the noise amplitude. U(x) is the Duffing Potential 

𝑈(𝑥) = −1 2⁄ 𝑎𝑥2 − 1 4⁄ 𝑏𝑥4which was used as a good 

approximation for the real system’s potential, as described in 

Section 3 (Experimental Setup). 

The system constants were experimentally measured, being: 

m=(5±0.4)10-3kg, k=(236.4±0.014)N/m, γ= (0.035± 0.005) Ns/m. 

From the C=(3.5±0.5)nF, given by the constructor, is possible to 

obtain R = (7.4±0.2)108Ω from the discharge time of the 

piezoelectric layers measurement. 

a and b were calculated interpolating the magnetic potential. 

In the case of an electric sinusoidal excitation instead of the 

mechanical one, the periodic component appears in the first 

equation as: 

 

𝑚�̈�(𝑡) = 𝑈(𝑥) − 𝑘𝑥(𝑡) − 𝛾�̇�(𝑡) +

−𝑘𝑉(𝑉(𝑡) + 𝐴𝑠𝑖𝑛(𝜔𝑡)) + 𝜎𝜉(𝑡)
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In this paper the system was solved with the Euler-Maruyama 

method [11], and the results were compared to the experimental 

data through a scaling factor due to the model approximations. 

 

III. EXPERIMENTAL SETUP 

 
The experimental setup in Fig.1(a) was used. 

 

 
(a) 

  
(b) 

Fig. 1: (a) Experimental setup used in the first step. 

(b) Experimental setup in the second measurement. 

 

The piezoelectric cantilever was clamped on one end and fixed on 

the shaker. The bistabilty was due to two repelling magnets fixed 

respectively on the top of the cantilever and on a sliding support, 

vibrating simultaneously to the piezoelectric and aligned with the 

cantilever rest position. Reducing the distance between the 

magnets, the potential changes from a quadratic to a bistable 

shape. 

In this paper a distance of d=0.0015m was chosen between the 

magnets, in order to have a good bistability together with a good 

dynamics. 
The modal shaker could provide both the sinusoidal and the noise 

excitation. The periodic excitation amplitude was F=1.5N with a 

frequency of f=30Hz. 

To lower the mechanical resonance from around 85Hz to around 

30Hz, a little mass was added on the top of the cantilever. 

The deflection of the cantilever free end was detected by the Laser 

Doppler Vibrometers (LDVs), and subtracted to the movement of 

a reference point chosen on the cantilever support, in order to 

analyze only the cantilever motion, and to cancel the noise 

component. 

The Voltage output was recorded over a load resistance RL=100Ω 

and acquired with the NI USB Data Acquisition Board. 

In the first stage, the cantilever was excited with a small periodic 

signal, given to the shaker by a waveform generator. An  

 exponential correlated noise with a correlation time of τ=2·10-3 s 

was over-imposed to the sinusoidal one. The cantilever tip 

deflection and the voltage output were recorded changing the 

noise level and the Fourier transform was calculated for each one. 
The height of the periodic peak is then divided by the height of the 

noise base, obtaining the SNR. 

The SR condition was analysed both in the time series of the 

cantilever tip displacement, and in the SNR. 

 

  
 (a) 

 
(b) 

 
   (c) 

Fig.2: (a) Low noise condition, the system is confined in one well. (b) 

SR condition, the system is almost periodic. (c) High noise condition, 

the hopping between the wells become chaotic. The red line shows the 

frequency of the periodic forcing. 

 

In Fig.2 the system was going from a monostable condition, with 

very low noise (σ=0.2 m/s2), to a stochastic behaviour, with casual 

hopping between the potential wells with high noise (σ=2.3 m/s2). 

With an appropriate noise level (σ=0.9 m/s2), the sinusoidal 

forcing led the transition between the two stable positions, and the 

system showed a pronounced periodic behaviour. 

The approaching of the SR condition is even more evident with 

the SNR analysis, shown in Fig.3 for a noise level of σ=0.9 m/s2. 
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The solid line was calculated solving the system of coupled 

differential equation stated in Section 2. 
 

(a) 

(b) 
Fig.3: (a) SNR height of the tip deflection varying the noise (b)SNR 

height of the Voltage output 

 

Subsequently, in order to understand if the SR phenomenon could 

led to the amplification of a periodic electric component through 

vibrations,  an electric sinusoidal excitation was provided through  

a waveform generator and a voltage amplifier. 

Fig.4: Schematic of the bridge circuit used to decouple the input to the 

output with the electrical excitation. 

The two piezoelectric layers in the cantilever were polarized in 

opposite directions, so that when one layer elongated, the other 

shortened. 

This led to the bending of the structure. Providing a sinusoidal 

excitation, the cantilever oscillated around one of the two 

equilibrium positions. Since the piezoelectric used was a sensor, 

and since it was powered outside its resonant frequency 

(excitation frequency = 30Hz, Resonance frequency=85Hz) the 

voltage input had to be high to bend the structure (V=250V). 

In addition, a mechanical exponentially correlated gaussian noise 

was given in input with the shaker.  The  bridge circuit in Fig.4 

was used in order to decouple the voltage input from the voltage 

output. The whole experimental setup is showed in Fig. 1(b). 

In the analysis, the difference between the periodic signal peak 

height and the noise base was taken into account instead of their 

ratio (Signal to Noise Difference, SND), in order to minimize the 

effect of very low noise on the first points of the graph. 

 

(a) 

 

(b) 

 

(c) 
Fig.5: (a) Low noise condition, the cantilever oscillates in one well.  

(b) SR condition. The system is periodic. (c) High noise condition, the 

system is chaotic. The red line shows the frequency of the periodic 

forcing. 

 

The SR effect was evident both from the time series of the 

cantilever displacement  (Fig.5 (a), (b), (c)), and from the spectral 

analysis through the SNR (Fig. 6(a), (b)). 

Increasing the noise, the system was going from a monostable 

behaviour at very low noise (σ=0.16 m/s2) where it was confined 

o oscillate in one well (Fig.5(a)), to a stochastic behaviour at high 

noise (σ=2.1 m/s2) where the hopping between the two potential 

wells become frequent and non-periodic (Fig.5(b)).   

Fig.5(b) shows that it existed an appropriate level of noise (σ=0.29 

m/s2), which ensured a good periodicity following the forcing 

frequency. 

Fig.6 shows the detection of the SR phenomenon in the Signal to 

Noise Difference. The maximum of the SND is reached for  
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σ=0.29m/s2. The SR effect produces an effective amplification of 

the periodic component in comparison to the Power output and 

deflection without the noise (base of the SR peak). 

 

 

(a) 

 

(b) 

Fig.6: (a) Signal to Noise difference of the cantilever deflection.  

(b) Signal to noise difference of the Power output 

 

However, there was not an effective amplification of the voltage 

input signal. This was mainly due to the high voltage needed to 

move the cantilever, and to the non-optimized electrical circuit 

impedance. 

The solid red line, showing the simulation results, seems to be in 

good agreement with the data. 

 

IV. CONCLUSIONS 

In this paper, the study of the Stochastic resonance phenomenon 

is presented. 

In the first set of data, a piezoelectric cantilever was excited with 

superimposed  sinusoidal and stochastic vibrations. 

An effective increasing in both the displacement of the tip of the 

cantilever, and the power output, was detected increasing the noise 

level up to an optimal noise intensity where the sincronization 

between the periodic and stochastic force occurred. Then, the 

periodic spectral component decreased again. This led to a 

resonant behaviour with noise. 

In the second part, on the same system the sinusoidal mechanical 

excitation was replaced by an electrical one. 

Even in this case, the SR was detected in both the displacement 

and the power output signals. 

For each system, a numerical simulation was conducted, solving 

the equations of motion of the cantilever, using a Duffing potential 

obtained from the interpolation of the magnetic one. 

The model results are in good agreement with the experimental 

data, showing that SR can be predicted using the existent 

mathemathical framework. 

Future work will investigate the amplification capability of an 

electric signal, through the bridge circuit optimization and using a 

different piezoelectric material. 
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Abstract—We discuss about a MEMS electrostatic generator 

recently presented at the MEMS ’14 conference capable of harvesting 

energy from vibrations at low frequency (10-60 Hz) with a -3db 

bandwidth of 50 Hz. This system exploits mechanical frequency 

amplification by multiple-mass impacts in combination with elastic 

stoppers. When shaken, a tungsten micro-ball impacts within the 

oscillating proof mass thus transferring kinetic energy to a gap-

closing comb transducer resonating at 92 Hz. Elastic stoppers are 

also employed in order to lower the collision damping of the proof 

mass with the support. Output power between 0.25 and 0.45 µW is 

shown at 0.3-g amplitude and 15 V of bias.  

I. INTRODUCTION 

THE possibility for wireless electronics to feed themselves where 

they are deployed open vast sceneries of smart applications for 

healthcare, transportation, surveillance, military and industrial 

monitoring. In this regard, vibrational energy is almost ubiquitous 

around us, e.g. in industrial plants, transportations, infrastructures, 

seismic movements and biological beings. This type of wasted 

energy can be harnessed at micro- and nano-scale [1]. Natural or 

artificial kinetic power is mostly in the shape of random vibrations 

ranging between 2 and 100 Hz. However, due to the small size, 

micro-electro-mechanical (MEMS) harvesters resonate from few 

hundreds hertz up to 1 kHz depending on the weight of the inertial 

mass and on the equivalent stiffness of the suspension springs. 

New approaches have been investigated to circumvent this 

obstacle: exploiting nonlinear resonators [1] or using mechanical 

frequency−up conversion by means of piezoelectric or 

electromagnetic generators [2], though with bulk dimensions. On 

the other hand, electrostatic harvesters (e-VEH) are more suitable 

for miniaturization.  

The energy harvester generator here discussed is an evolution of 

an electrostatic vibration energy harvester with wideband features 

that the authors have recently presented [3, 4] and was recently 

presented at the international conference IEEE MEMS 2014 [5]. 

The main difference the previous device is that it targets low-

frequency humans-like vibration sources. This system implements 

mechanical frequency amplification through multiple-mass 

impacts of a heavy tungsten micro-ball in combination with the 

bouncing of the silicon proof mass with elastic stopper beams 

properly designed to this scope. In other words, the harvester takes 

advantage of the free movement of the micro-ball housed inside a 
rectangular cavity of the silicon proof mass. Depending on the 

length of the cavity, the micro-ball impact rate with the inner walls 

of the inertial mass can synchronize with the external vibrations 

at very low-frequency  

 
 

Figure 1: (a) Computer drawing of the gap-closing MEMS electrostatic VEH with 

electrical connection scheme of bias/output voltage. (b) System 1-DOF model (c) 

magnified view (90x) of mechanical serpentine springs. 

 

thus, at each impact, it transfers kinetic energy to the gap-closing 

electrostatic transducer. The elastic stoppers ensure a low 

damping during the collisions amplify the velocity of the oscillator 

mass. 

II.SYSTEM DESIGN 

Figure 1(a) presents the CAD drawing of the MEMS-eVEH, 

while figure 1(b) and shows a microscope photograph of the 

generator with magnified (90x) particular of the serpentine 

support springs and elastic stoppers. The electrostatic transducer 

consists of a bulk silicon in-plane gap-closing interdigitated-

combs with the proof mass suspended by serpentine springs of 20 

μm of thickness. The comb capacitor is pre-charged by an initial 

bias voltage V0 that span from 10 to 20 V. A tungsten carbide 

micro-ball of 0.8 mm of diameter is hosted inside the proof mass 

within a rectangular cavity that measures 1 mm of width by 1.5 

mm of length. 

The structure is fabricated by DRIE through a 400-µm-thick 

silicon wafer that is anodically bonded on a HF etched support 

glass.  A top glass prevents the micro-ball form escaping and is 

realized with double side mask process attached with acrylic glue. 

60-µm-thick, 2 mm of length silicon beams are designed in 

correspondence of the stoppers allow good elastic impacts. 

When the system vibrates at frequency below 60 Hz, the micro-

ball freely run along the cavity impacting on the upper and lower 

inner wall of the proof mass. Each collision provides a wideband 

mechanical impulse to the proof mass of the gap-closing comb 
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transducer that in turns resonates at its natural frequency of 92 Hz. 

In such a way, kinetic energy is transferred from low frequency 

vibrations (10-60 Hz) to higher frequencies movements of silicon 

resonator (92-120 Hz). The operation bandwidth of the 

mechanical frequency-up conversion depends on the ball 

travelling distance and on the deflection height of the stopper 

beams.   

The cavity length of this first prototype is designed such that 

the maximum rate of impacts occurs around 15-20 Hz for a given 

acceleration of 0.3 g (where g=9.81 ms-1). Based on calculations 

on the system model, around 7 mm of length of the cavity would 

decrease the operation frequency down to 1-2 Hz. This could 

make the system working well even during a walk, hand shake or 

bridge vibration. 

 

III. EXPERIMENTAL RESULTS 

 

The MEMS e-VEH prototype was characterized by simulations 

and experimental tests under sine sweeping for input acceleration 

ai = 0.3g rms and various bias voltage V0 = 5 - 20 V. All the 

measurements were performed comparing the system behavior 

both with and without the tungsten micro-ball. 

Figure 2(a) shows that the system with micro-ball shows a -3db 

bandwidth increases up to 56%  with a power enhancement from 

10 to 100 times in the range of 10-20 Hz and 40-60 Hz. In addition,  

the e-VEH is capable of operating below 20 Hz producing a good 

output power around 0.3 µW with only 15 V of bias voltage. 

Figure 3 illustrates the generated power versus bias voltage. It 

is remarkable that the e-VEH generator reaches a gain factor up to 

525% at 5 V of bias voltage for vibrations between 10 Hz and 40 

Hz versus the reference system without the micro-ball. 

 

 

 
Figure 4: (a) RMS Voltage and (b) harvested power at acceleration amplitude of 

0.3 g under sinusoidal frequency up- and down-sweep (10-120 Hz). 

 

 
 

Figure 3: Maximum output harvested power over the optimal load Rl=5.6Mohm 

on frequency sweeping for the device with and without micro-ball 

 

IV. CONCLUSIONS 

We presented the design, fabrication and testing of a novel 

MEMS electrostatic silicon gap-closing comb vibration energy 

harvester that exploits mechanical frequency amplification by 

means of micro-ball impacts with the inner walls of the oscillator  

proof mass in combination with its elastic bouncing against the 

rigid support. This MEMS e-VEH demonstrated an improved 

power generation and extended operating bandwidth at very low 

frequency. The harvester shown capability of working in the 

frequency range of 10-60 Hz, at 0.3 g rms, with low bias voltage 

2.5-20 V. A gain factor up to 525% power generation at 10−60 Hz 

resulted against the reference system without the micro-ball, with 

a -3db bandwidth increase of 56%. Therefore, the generator is 

suitable for harvesting energy from weak human movements as 

well as from a vibrating bridge. 
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Abstract— The development of MEMS and NEMS technology has 

allowed the diffusion of sub-millimetre wireless sensors that can be 

used in military and civil application. Due to the small dimension of 

these new devices, new strategies for harvesting ambient vibrations 

in the low frequency region have been developed. In this paper the 

dynamics of piezoelectric nano membranes is studied and analyzed 

using high order spectral analysis techniques to show the nonlinear 

behavior of these devices. 

V. INTRODUCTION 

In the past few years the reduction in size and in the energy 

consumption of electronic device has allowed the diffusion of sub-

millimetre wireless sensor networks. The majority of these 

networks is battery powered and therefore require routine battery 

replacements, which leads to high maintenance costs.  
This problem can be tackled using energy harvesting techniques, 

which convert ambient energy to useable electrical power. Among 

the various renewable energy sources present in the ambient, 

kinetic energy, available from ambient vibration, is one of the 

most common forms [1]. Generally the spectrum of real 

mechanical vibration is broad-band with predominance at low 

frequency and typical spectra decrease with 1/ω2 [2] at high 

frequency. However an energy harvester can be modeled as a 

mass-spring system and due to system constraints, the resonant 

frequency needs to be tuned to the main frequency of the ambient 

vibrations. This resonant frequency increases with the reduction 

of the size of the harvester. In the literature, different methods 

have been suggested to overcome these problems using linear and 

nonlinear approaches [3-8] or using multi-degree-of-freedom 

harvesters [9-13]. In this paper some results of a small buckled 

piezoelectric membrane with thickness below 1 μm are presented. 

The measurements are carried out by exciting the system with 

sinusoidal excitation and exponential correlated Gaussian noise. 

High order spectral analysis is done to show the nonlinear 

behavior of the membrane. 

 
 

VI. EXPERIMENTAL SET UP 

The chip with the nano membranes was produced at the VTT 

Technical Research Centre of Finland (Helsinki) in the framework 

of the NANOPOWER EU project. The membrane under 

investigation  in this paper (Figure 1) is a bridge one (Br750) of 

size 750 μm X 750 μm and thickness less than 1 μm. 

 

 
Fig. 1.  Bridge membrane of size 750 μm X 750 μm and thickness less than 1 μm 
 

It is grown on a silicon support with layers of Molybdenum / 

Titanium and a piezoelectric layer of Aluminium Nitride. 

A dedicated electronic board was built to decouple the signal 

of the membrane from the electronic devices used to acquire it, 

and wire bondings were made between the contacts and the 

electronics (Figure 3). 

 

 
Fig. 2.  Electronic board and chip with the membranes during the wire bondings 

 

The system is excited using a shaker (TIRABAA60) and the 

output signal of the Br750 is first amplified (amplification factor 

500) and prefiltered at 10kHz by a Stanford SR560 and then 

filtered using a Chebyshev filter of order 8, made with four 

operational amplifiers OP 27-G. 

 

VII. SINUSOIDAL EXCITATION 

The system is excited using both sinusoidal signal and 

exponential correlated Gnoise with various amplitudes. In Figure 

4 and in Figure 5 the Power Spectrum of the output signal of the 

membrane Br750 is presented.  

 

 

 

For a small acceleration (Figure 4) the system responds at the 

frequency of the excitation, while for a larger acceleration (Figure 

5) the higher order harmonics are also excited. The increasing 

trend of the two Power Spectra at low frequencies is a 

characteristic of nonlinear systems. 

High order spectral analysis is performed on these two 

measurements to verify the nonlinear behavior of the Br750.  

Bispectra and Bicoherences of the output signals are calculated to 

look for coupling between the excitation frequency and its higher 

harmonics. Figure 6 shows the Bispectrum of the output voltage 

of the membrane excited with an acceleration of a=2.5g at 

1220Hz. The signal is non-Gaussian at the excitation frequency 

and there is no coupling with the higher harmonics. Figure 7 

 
Fig. 4.  Power Spectrum of the output 

signal for a sinusoidal acceleration of 

a=2.5g at 1220Hz 

 
Fig. 5.  Power Spectrum of the output 

signal for a sinusoidal acceleration of 

a=20.5g at 1220Hz 

excitation 
excitation 
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shows the Bispectrum of the output voltage of the membrane 

excited with an acceleration of a=20.5g at 1220Hz. The external 

acceleration is high enough to also excite the higher harmonics 

and there are non-Gaussian couplings between them and the 

excitation. 

 

 
Fig. 6.  Bispectrum of the signal for 

an excitation of 2.5g at 1220Hz 

 
Fig. 7.  Bispectrum of the signal for 

an excitation of 20.5g at 1220Hz 

 

 The Bichorence (Figure 8) of the signal of the Br750, excited 

at 2.5g, shows that at the excitation frequency the behavior of the 

membrane is nonlinear. Couplings between the forcing frequency 

and the first (2440 Hz) and fourth (3660) harmonics are present. 

The Bicoherence (Figure 9) of the signal for an excitation of 

amplitude a=20.5g shows the coupling between the forcing 

frequency and the harmonics. A region of nonlinearity is present 

at low frequencies that can explain the trend of the Power 

Spectrum in Figure 4. 
 

 
Fig. 8.  Bicoherence of the signal for 

an excitation of 2.5g at 1220Hz 

 
Fig. 9.  Bicoherence of the signal for 

an excitation of 2.5g at 1220Hz 

 

VIII. NOISE EXCITATION 

The system is excited with exponentially correlated Gaussian 

noise with cut off frequency fc ~1600 Hz (τ = 10-4) and different 

amplitude σ as in equation 1. 

〈𝜉(𝑡); 𝜉(𝑡′)〉 = 𝜎2𝑒
|𝑡−𝑡′|

𝜏    (1) 

 

The acceleration of the support of the chip with the membranes 

is first measured and the Power Spectrum is in Figure 10. There 

are three peaks: the first two correspond to the resonance modes 

of the support ( f = 6551 Hz and f = 9903) and the third one to the 

resonance of the shaker ( f = 17470 Hz). 

 

 
Fig. 10.  Acceleration measured on the support of the chip of the membrane for 

exponential correlated noise (σ =3.14g) with cut off frequency 1600 Hz 

 

The Power Spectra of the output signals, obtained exciting the 

Br750 with noise at σ = 0.31g, σ = 1.57g, σ = 3.14g, is shown in 

Figure 11. The increasing trend of the Power Spectra at low 

frequencies suggests nonlinear behavior of the membrane, 

because, as shown in Figure 10, the system is not excited in that 

region. The large peaks at f = 1200 Hz and f = 2600 Hz are due to 

mechanical resonance of the membrane. 

 
Fig. 11.  Power Spectra of the output signal for exponentially correlated Gauissian 

noise with increasing amplitude and cut off frequency fc = 1600 Hz 

 

The Bispectra and the Bichoerences of the signals for a noise 

excitation of σ = 0.31g and σ = 3.14g are shown in Figure 12-15. 

The system at low excitation amplitude is non-Gaussian (Figure 

12), but it is nonlinear only in the low frequency region (Figure 

14). The system, in the second case, is more non-Gaussian (Figure 

13) than the previous case, but, as in Figure 14, it is nonlinear only 

at low frequencies, as shown in Figure 15. 

 

 
Fig. 12.  Bispectrum of the signal for 

exponential correlated noise with 

amplitude σ =0.31g 

 
Fig. 13.  Bispectrum of the signal for 

exponential correlated noise with 

amplitude σ =3.14g 

 

 
Fig. 14.  Bicoherence of the signal 

for exponential correlated noise with 

amplitude σ =0.31g 

 
Fig. 15.  Bicoherence of the signal 

for exponential correlated noise with 

amplitude σ =3.14g 

 

IX. CONCLUSIONS 

The main transduction mechanisms have been based on 

piezoelectric, inductive and electrostatic linear oscillators, trying 

to maximize the mechanical energy of the first resonance mode 

transferred to the harvester. For MEMS and NEMS devices 

however the main resonance frequency is above 10 kHz, while the 

spectrum of real ambient vibration is mainly below 100 Hz. In this 

paper the nonlinear behavior of a nano piezoelectric membrane is 

studied using high order spectral analysis techniques. The Br750 

shows a better frequency response than a linear oscillator due to 

the nonlinear dynamics as shown in the plots in Section III and 

Section IV. This behavior is promising for the realization of small 

nonlinear harvesters able to transform mechanical energy into 
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electricity even at low frequencies, which can be used for 

powering microelectronics. 

 

ACKNOWLEDGMENTS 

The authors wish to thank Jouni Ahopelto and his co-workers 

at the VTT Technical Research Centre of Finland (Helsinki) for 

producing the nano-membranes and for the very good feedback 

during the NANOPOWER EU project. 

 

REFERENCES 

[1] S. Roundy, “Energy Scavenging For Wireless Sensor Networks with special 

focus on Vibrations” , Kluwer Academic Publisher, 2004. 
[2] S. Roundy, “A studyof low vibrations as power source for wireless sensor 

nodes”, Computer Communications 26, 2003, pp 1131-1144 
[3] G. Todorov et al, “ Tuning techniques for kinetic MEMS energy harvesters”, 

Telecommunications Energy Conference (INTELC), 2011, pp 1-6 

[4] V.R.Challa et al, “A vibration energy harvesting device with bidirectional 

resonance frequency tunability”, Smart Materials and Structures, Volume 17, 

Number 1, 2008 

[5] Gu et al, “Impact-driven, frequency up-converting coupled vibration energy 

harvesting device for low frequency operation”, Smart Materials and 

Structures, Volume 20, Number 4, 2011 

[6] Ferrari M, Ferrari V, et al, “Piezoelectric multifrequency energy converter 

for power harvesting in autonomous microsystems”, Sensors and Actuators 

A: Physical, Volume 142, Issue 1, 2008, pp 329-335 

[7] Yang B, Lee C, “Non-resonant electromagnetic wideband energy harvesting 

mechanism for low frequency vibrations”, Microsystem Technologies, 

Volume 16, Issue 6, 2010, 961-966 

[8] Cottone F, Vocca H, Gammaitoni L, “Nonlinear energy harvesting”, Physical 

Review Letter 102, 2009 

[9] Kim I, et al., “Broadband energy-harvesting using a two degree-of-freedom 

vibrating body”, Applied Physics Letters, Volume 98, Issue 21, 2011 

[10] Petropoulos T et al., “MEMS coupled resonators for power generation and 

sensing”, Proc. Micromech. Europe, Leuven, Belgium, 2004, pp 5-7 

[11] Cottone F et al., “Enhanced vibrational energy harvester based on velocity 

amplification”, Journal of Intelligent Material System and Structures, 2013 

 

[12] D. O’ Donoghue et al, “A multiple-degree-of-freedom velocity-amplified 

vibrational energy harvester part A: experimental analysis” Proceedings of 

the ASME2014 Smart Materials, Adaptive Structures and Intelligent 

Systems, Volume 2, 2014 

[13] V. Nico et al, “A multiple-degree-of-freedom velocity-amplified vibrational 

energy harvester part B: Modelling” Proceedings of the ASME2014 Smart 

Materials, Adaptive Structures and Intelligent Systems, Volume 2, 2014 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



N . 9  -  1 5 t h  F e b r u a r y  2 0 1 5                  

-  P a g e  1 5  -  

I  C  T  -  E   N   E   R   G   Y      L   E   T   T   E   R   S 

 

  

 

 

 

 

ICT-ENERGY LETTERS  is realized with the contribution of LANDAUER project and 

ICT-Energy Coordination Action, funded under the Future and Emerging Technologies 

(FET) programme within the ICT theme of the Seventh Framework Programme for Research 

of the European Commission.  

 

 

 

 

 

 

 

 

 

I C T - E N E R G Y  L E T T E R S  
c/o NiPS Laboratory, Dipartimento di Fisica e Geologia 

Università degli Studi di Perugia 

 Via A. Pascoli, 1 – I-06123 – Perugia (Italy)  

www.ict-energyletters.eu 

info@ict-energyletters.eu 

SAVE THE DATE 

 

D A T E  E V E N T  W E B S I T E  

March 19, 2015 - London Energy Harvesting 2015 http://eh-network.org/news_event.php?id=276  
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September, 2015 - Bristol ICT-Energy Workshop www.ict-energy.eu 

October 20-22, 2015 - Lisbon ICT 2015  

Innovate, Connect, Transform 

https://ec.europa.eu/digital-agenda/en/ict2015-innovate-

connect-transform-lisbon-20-22-october-2015  
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