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Billions of 
sensors



OUTLINE
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• Automotive sensors and vibrations

• Vibration energy harvesting

• High power density MEMS piezoelectric vibration energy 
harvesters
– Fabrication approach with high density mass – Tungsten in MEMS
– Experimental characterization

• Perspectives



WSN AND IOT: A CONFLUENCE OF TECHNOLOGIES

IoTIntegrated 
circuits

MEMS sensors

High density
memory Internet

Wireless 
Communication

Energy

Ideal characteristics:
Localized
Low cost
Compact
Durable
Clean
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INTRODUCTION

Although batteries are a mass produced cheap commodity, they are not able to supply IoT devices/WSN adequately



WIRELESS AUTOMOTIVE SENSORS
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• Why go wireless?
– Over 100 sensors / car, and increasing with autonomous driving and 

enhanced cabin intelligence
– Miles of cables / car: height, assembly time and cost, distributed

• Which sensors on a car could / should be wireless?
– Non-critical applications - ensures safety
– Periodic measurements (low sampling rate) - enables harvesting



SCOPE OF STUDY
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Local Road
(50 km/h max)

Boulevard
(70 km/h max)

Highway
(100 km/h max)

Test areas

CASE STUDY

Mounting locations of 26 measurement points on a Chevrelet Impala 2012
• Identify most amenable sensors for 

wireless operation and energy harvesting
• Measured vibrations at 26 locations on car



MEASURED VIBRATIONS - TRENDS

Luc.Frechette@USherbrooke.ca 7

Local road Highway

Noisier

(m2/s4)/Hz

115-140 Hz 12-13 Hz

23-28 Hz

115-140 Hz

Sharper peaks

• Strong, broadband and random
vibrations observed < 30 Hz
– Not suitable for resonant MEMS harvester

(space constraints)

• Consistent, repeatable wideband peaks
measured on specific locations < 150 Hz
– Potentially suitable linear resonant devices



MEASURED VIBRATIONS – OUTCOME
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Region of interest

Average of FFTs of most consistent sources

• Peak intensity range: ≈ 0.02 – 0.17 (m2/s4)Hz-1

• Assuming Qm=Qel=250            Pel
* ≈ 5-10 µW/g



APPLICATION ASSESSMENT – TEMP. SENSOR
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Target

Po
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Time

Psleep

PMCU

PMCU + PSENS.
PMCU + PXCVR

Tsleep

1 2 3 4 5

TtotTon

Pon

10 µW≈1g 

requirement

Si: 430 mm3

(8.6 cm2)

W: 52 mm3 

(1.4 cm2)

Pon ≈ 21 mW

Ton ≈ 110 ms

Psleep ≈ 1.5 µA

Tsleep = config.



OUTCOMES
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• Wireless sensors in vehicle evaluated for non-critical, low data 
throughput functions

• Linear resonant device compatible with several identified 
sources

• Approx. 1g requirement for ≈10 µW
– Not possible with Si-based MEMS harvester
– MEMS scaled only with a high density material (e.g., tungsten)

Conference paper:
• A. Dompierre, M. Traore, and L. Fréchette, “Measurements of car vibrations under reallife driving conditions and assessment of energy 

harvesting for wireless sensor nodes,” in ASME 2013 International Mechanical Engineering Congress and Exposition, American Society of 
Mechanical Engineers. American Society of American Engineers, 2013, pp. V014T15A023–V014T15A023



OUTLINE
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• Automotive sensors and vibrations

• Vibration energy harvesting

• High power density MEMS piezoelectric vibration energy 
harvesters
– Fabrication approach with high density mass – Tungsten in MEMS
– Experimental characterization

• Perspectives



• Electromechanical conversion principles:

KINETIC HARVESTING: OVERVIEW
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Source: Roundy (2004)
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Source: Microgen (2015)

MEMS



PROBLEMATICS
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• Harvester design needs to be tailored to the application 
considering:
– Sensor average power consumption
– Vibration source characteristics
– Overall size allowed

• Macroscale solutions costly and bulky
• MEMS solution power density must be increased to be 

competitive 

How should cost effective and high power density piezoelectric vibration energy 
harvesters be designed and fabricated to power a wireless sensor node from 

ambient vibrations?



GENERAL ENERGY CHAIN OF A
VIBRATION ENERGY HARVESTING (VEH) DEVICE

Source

Transducer

Mass
Spring

Piezo

Damping

Dielectric,
ohmic losses

Fundamental limits:
1) How much energy is

transmitted to the device?
2) How much mechanical energy 

can the device
collect/store/support?

3) How much mechanical energy
can be converted to 
electricity?

4) How much electrical energy
can be extracted from the 
transducer and stored
externally?

Circuit
Storage Power conversion 

circuit

Circuit losses,
overhead

Circuit
losses

Leakage

Application

1

2

3

4
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POWER LIMIT DUE TO ENERGY ABSORPTION
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• Trade-off between power input and efficiency
• Optimal condition: 
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• Mass size
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PVEH STATE OF THE ART ASSESSMENT
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OUTCOMES

• Ideal harvester characteristics:
– High density proof mass, sized to fill 50% space of device package
– Minimize mechanical damping – maximize Qm (crucial for MEMS resonant 

devices)
– Provide sufficient coupling (κ2Qm>2) – AlN thin film adequate
– Tuned and sized properly for source characteristics (resonant frequency and mass 

travel range)
• For MEMS resonant harvester, main limit is power absorption from the 

source
– ρQm should be maximized.
– Source characteristics, application must be considered for useful design!

Conference paper:
• A. Dompierre, S. Vengallatore, and L. G. Fréchette, “Theoretical and practical limits of power density for piezoelectric vibration energy harvesters,” in Proceedings of 

Power-MEMS 2011, Seoul, South Korea. KAIST, 2011

Book chapters:
• A. Dompierre, S. Vengallatore, and L. Fréchette, “Power density limits and benchmarking of resonant piezoelectric vibration energy harvesters,” in Novel Advances in 

Microsystems Technologies and Their Applications. CRC Press, 2013, pp. 293–333
• A. Dompierre, S. Vengallatore, and L. G. Fréchette, “Piezoelectric vibration energy harvesters: Modeling, design, limits and benchmarking,” in Energy Harvesting with 

Functional Materials, M. Bhaskaran, S. Srira, and K. Iniewski, Eds. CRC Press, 2013, ch. 9, pp. 215–264
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SOLUTIONS TO ENHANCE HARVESTER SENSITIVITY
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Current solution Potential solutions

1. Large Si mass
• Bulk micromachining
• Wafer bonding

Change mass composition (improve density)
2. Screen printing (polymer + tungsten particles composite)
3. Electrodeposition (gold or other metals)
4. Thin film deposition (tungsten)

A. Without mold
B. With mold

5. Machining and bonding of tungsten pieces
6. Micromachining/bonding of tungsten wafers

MIDIS process – Teledyne DALSA

Seismic grade accelerometer by HP+Shell

2. Zhu et al. (2011)

3. Yamane et al. (2016)

5. Aktakka et al. (2011)

Tungsten mass
Silicon mass

Composite mass

4 b). Sniegowski (1999)

Silicon mold

Tungsten deposition

𝜌𝜌 8.3



C) Bonding
Wafer preperations

A)

B)

D) Mass/cantilever 
release

FABRICATION PROCESS FLOW – MASS WAFER (A)

19

DEVICE FABRICATION

Tungsten substrate (99%, poly)
• 550 µm thick pre-polish
• 440 post polish

Hard masks
• 100 nm PECVD Si3N4
• Defined by RIE

Wet etch
• K3Fe(CN)6 buffered solution
• ≈6h at 60℃, N2 bubbling

Tungsten (W)

Silicon Nitride (Si3N4)

Nitride mask

Partial W etch

Before polish After polish

RMS Roughness = 0.16 µm RMS Roughness = 1.09 nm

- A. Dompierre and L. G. Fréchette, “A wafer-level process for bulk tungsten integration in MEMS 
vibration energy harvesters and inertial sensors,” in TRANSDUCERS 2017, IEEE, 2017
- A. Dompierre and L. Fréchette, PCT Patent WO2 018 227 308, 2018



C) Bonding
Wafer preperations

A)

B)

D) Mass/cantilever 
release

FABRICATION PROCESS FLOW – DEVICE WAFER (B)
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DEVICE FABRICATION

Silicon Nitride (Si3N4)

Aluminum (Al)

Silicon (Si)

Silicon Dioxide (SiO2)

Aluminum Nitride (AlN)

Chromium (Cr)

SOI/AlN/Cr electrode Top protection, back 
hard mask deposition

Backside hard mask etch Protection layers etch

AlN etchAl pads lift-offBeam DRIE



FABRICATION PROCESS FLOW – BONDING (C)
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DEVICE FABRICATION

Silicon Nitride (Si3N4)

Aluminum (Al)

Silicon (Si)

Silicon Dioxide (SiO2)

Aluminum Nitride (AlN)

Chromium (Cr)

Tungsten (W)

SU-8

C) Bonding
Wafer preperations

A)

B)

D) Mass/cantilever 
release

2 mm

2 mm

Dummy wafer coating, roller transfer Adhesive transfer Bonding



FABRICATION PROCESS FLOW – RELEASE STEPS (D)
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DEVICE FABRICATION

Silicon Nitride (Si3N4)

Aluminum (Al)

Silicon (Si)

Silicon Dioxide (SiO2)

Aluminum Nitride (AlN)

Chromium (Cr)

Tungsten (W)

SU-8

C) Bonding
Wafer preperations

A)

B)

D) Mass/cantilever 
release

Mass release Dicing and die releaseCantilever definition (DRIE)Temporary bondingFully released
W masses

Patterned 
W on Si

Glass/Crystal 
bond interface



TESTED DESIGNS

Luc.Frechette@USherbrooke.ca 23

DEVICE TESTING AND BENCHMARKING

• Devices tested before and after
tungsten (W) integration

• Characterized in lab on 
electrodynamic shaker

• Low amplitude chirp signals
used to extract FRF

Linear chirp command



EXAMPLE OF FREQUENCY RESPONSE FUNCTIONS
Vo

lta
ge

 F
RF

s
Po

w
er

 F
RF

s

≈ 50X

≈18X

E3 (Si-based)
a = 5 m/s2

E3’ (W-based)
a = 0.5 m/s2

≈Ropt ≈Ropt
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DEVICE TESTING AND BENCHMARKING

SS

SS

WS

WS



COMPARISON OF NPD FOR ALL TEST DEVICES
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DEVICE TESTING AND BENCHMARKING



COMPARISON TO STATE OF THE ART
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DEVICE TESTING AND BENCHMARKING

Best FOM 
reported



CONCLUSION
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• Significant opportunities to make automotive sensors wireless, using
energy harvesting from vibrations, for:
– Non-critical sensors
– Periodic measurements

• Methodology for source and application assessment with VEH 
applied to cars and found that:
– Linear resonant VEH is well adapted, with best range in sub-150 Hz range

• High power density MEMS piezoelectric VEH demonstrated with
tungsten proof mass:
– High Q factor achieved in ambiant air
– Wafer-level W integration process (patent pending)
– Best reported Normalized Power Density FOM below 100 Hz



NEXT STEPS
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• Test matching of harvester with harvesting circuit and wireless
sensor in real vibration conditions

• Improve fabrication process
– Dimension control
– Packaging strategy
– Explore alternative metal etching methods (e.g., plasma etching)

• Evaluation of fatigue and stress degradation for harvesting
application

• Demonstrate by implementing with real application



TESTED DESIGNS
Config.
Device ID

SL
G6

SM
I3, J3

SS
G5,E3

WM
I3’, J3’

WS
E3’

Beam width (mm) 11 7 2 7 2

Beam length (mm) 3,2 3,23 1 3,23 1

Si beam thick. (µm) 30

AlN thick. (µm) 1

SiO2 protection thick. (µm) 0,1

Cr elect. Thick. (µm) 0,1

SiO2 pass. Thick. (µm) 2

SI3N4 thick. (µm) 0,1

Mass width (mm) 11 7 2 7 2

Mass length (mm) 7,8 6 2 6 2

Si mass thickness (µm) 430

W mass thickness (µm) 0 440

Beam

Mass

Large (L)

Medium (M)

Small (S)

Si mass

Si-based (S)

Si mass
W mass

W-based (W)
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DEVICE TESTING AND BENCHMARKING
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