Use Case: Structural Health Monitoring (SHM)
Concept

e Can we use neural networks to create self-powered & self-
repairing/fault tolerant WSN SHM solutions?

* Use EH (energy harvesting) as a power source

* Detect anomalies & re-route data (temp, vibration, pressure,
displacement)

e Similar to how a brain re-routes data if damaged

 Example:- In the 50 year monitoring of a bridge, even if 5-10% of
the wireless sensors fail, can the remainder of the system still
gather data & supply sufficient information?

* Interpolate between missing data points or infer

from adjacent sensor data

Re-route around damaged sensors & gateways




Use Case: Structural Health Monitoring

Initial discussions outcome - ‘Little-Big’ architecture proposed

» Simplify functionality of ‘little processors’ (95%+ of wireless sensors used)

* Take instructions from ‘big processors’
e Transfer data over short distances to a nearby big processor
* Do minimal processing to minimize power and enable EH

e ‘Big processors’ run the algorithms that will re-route little sensor nodes if needed or wake up more
frequently if more data needed

* Connect to the cloud via 5G, LoRA or whatever (data comms &/or processing)
* Bigger battery + EH source needed but not many required




Use Case: Structural Health Monitoring (SHM)

« MATLAB Simulation App

* Processor database

» Power Consumption details of the
processor are entered into the

database

« Time characteristics of the
processor needs to be added

« New processor can be added to the
database

» Currently five micro-processors are
added to the database

EnABLES Trans. Access Ref. No. 158



Use Case: Structural Health Monitoring (SHM)

Input Parameters
Sensing Interval (s) 900 Transmission Interval (s) 900
Calculate
o Number of senses per day 96
Power Contribution

Average Power contributed-TRx (uW) 3905|  Average Power contributed-Sensing (uW) 3.395

Average Power contributed-Sleep (uW) 3738 Total Power (uW) 4417

| PLOT

EnABLES Trans. Access Ref. No. 158



Use Case: Structural Health Monitoring (SHM)

~

EnABLES Trans. Access Ref. No. 158



Use Case: Machine Monitoring

Motivation

Vibration is a measure of state-of-health in mechanical systems
Hint for wearout and predicts upcoming failure and down-time
Retrofitting sensors for condition monitoring should be easy to
install and maintenance-free

Vibration and deformation can also be used for generating
power to get rid of batteries and cables

On large equipment, size and weight doesn’t matter much

Vision: Wireless, self-powered sensors measure vibration levels and predict
failure and down-time.

EU Project 730957




Use Case: Machine Monitoring

Key technology components

Wide-band piezoelectric harvester

* Low-cost, simple design with off-the-shelf piezo patches

* Power output up to 3 mW with 0.1 g excitation

* Wide harvesting bandwidth up to 12 %

e Center frequency mechanically tunable (e.g. 65 and 100 Hz)

* AC-DC converter optimized for large input voltage range (1-
50V)

EU Project 730957




Use Case: Smart Screw

Application performance

* Piezoelectric vibration harvester powers Bluetooth
LE module once every second

* Measures vibration up to 8 g for 20 ms at 800 Hz
bandwidth

EU Project 730957




Use Case: Smart Screw

Motivation
* Screw connections are used in numerous technical constructions
* Regular inspection mandatory, advantage by permanent monitoring
* Infrastructure for power and data transfer often missing
e Screws for mounting sensors:
* Excellent (standardized) mechanical interface
e Excellent thermal conductivity

Integration of sensors, wireless radio and power supply enables a
remote monitoring screw connection

Vision: Screw connection is a fully integrated loT device with wireless, self-powered
force sensor

EU Project 730957




Use Case: Smart Screw

Key technology components
Wireless preload sensor with solar or thermal power

supply

* Piezo resistive layer (DiaForce®) on the washer,
additional temperature sensor remperature-sensor
* Wireless module (LPWAN mioty®) in the head of the with meander

structure
screw
* RFID interface for configuration and programming
 Thermoelectric generator, solar cell or battery

DiaForce® sensor layer monitors preload force of the screw connection
and transmits data regularly over self-powered LPWAN mioty®

EU Project 730957

Areas of force-sensing

Temperature compensating
structure




Use Case: Smart Screw

N

Application performance

=
wu
O

* Thermoelectric generator uses temperature

Output Power [mW]
=

difference in the head of the screw to generate 0.5 .
electrical energy o Q

* Adc-dc converter with ultra low cold start voltage 0 5 10 15
enables operation with smallest thermal gradients Thermal Gradient TEG [K]
(5K)

* Depending on available power, transmission rate is
adapted

* Presently implemented in a M18 screw connection

EU Project 730957
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Use Case: Smart Screw

: : Energy source Transmission frequenc
Application performance gy quency
i ) . MIOTY®
Depending on use case and environment screws with L
. (0dBm transmission
* thermoelectric generator, power)
* solarcellor Temperature difference thread | 15 sec.
to environment 33 K
* battery
Temperature difference thread | 30 sec.
are available. to environment 25 K

Outdoor light (shade, approx. | 30 sec.
18,000 qu%

:—Ialogen lamp, approx. 10,000 |45 sec.
ux

Batterie (230 mAh) 2 min: 129 days

60 min: 2,6 years

24 h: 3,2 years

(without self-discharge of the
battery, [typ.4% per year]),
without consideration of the
temperature range [typ. O-
50°C].
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Use Case: Coolant Monitoring

Motivation

 The quality of the steel depends strongly on the process of
cooling down the steel in the crystallization phase

e Coolant is sprayed on the surface of the steel

* Pressure and temperature of each nozzle is subject of
observation

Idea: The integration of sensors allows the control of the
coolant and early detection of errors

Solution: A system with wireless and self-sufficient sensors at
each nozzle controls the process

EU Project 730957




Use Case: Coolant Monitoring

Realization
. Design Of the harvester: 1) Sensc.>rs fOT coolantmc?)nitoring
2) Housing with electronics and TEG
* UseofaTEG 3) “Cold side”
e QOperation from AT =10 °C 4) “Hot side”
)

5) Thermalinsulation

* Design of the low-power electronics
* Pressure and several temperature sensors
* Continuous operation up 125 °C

* Design of the Communication Link
* Operation in UHF-ISM band
* Dynamical sample rate of 1 sample/s (configurable)
e 84 sensors per channel

TDMA frame structure

EU Project 730957 of RF protocol




Use Case: Coolant Monitoring

Results
* Energy Harvester:
* Fast start-up with backup-battery
(only in prototype)
* Full TEG operation from AT =18 °C
e QOperation 1 sample per 30 sec from AT =8 °C

e QOperation in application environment
* Ruggedized housing
e Continuous operation for 6 months

 Qutlook

* Redesign for cost-optimized assembly
and production

EU Project 730957




Use Case: Window Sensor

Motivation

* Today's smart home devices often use batteries for the
supply of wireless sensors

e Battery changes are uncomfortable and ecologically
unfavorable

* Intrusion detection is missing mostly

Idea: At the envelope of the house (door/window) is energy in
form of light available for the powering of sensors

Solution: Placing solar powered devices at a convenient position and
using smart sensors for additional functions.

EU Project 730957




Use Case: Window Sensor

Realization
* Photo voltaic cell as supply
* Low power MEMS sensor
* 3D acceleration
* 3D magnetic field strength
* Bluetooth-Mesh

Functions

* Recognition of vertical opening angle
* Recognition of horizontal opening angle

EU Project 730957




Use Case: Window Sensor

Results
e Detection of
e Knocking, levering, hitting a ball
* Glass breakage
e Drilling
e Positions: closed, tilted, regular opened

* Energy management:
e QOperation of 24 h in darkness
* Energy consumption: 421 mWs
e Sizeofcelllcmx3cm
* Size of super cap: 390 mF

Vision: Realization as tiny chiplet by reducing stand-by and
increasing capacity of super cap.

EU Project 730957




Use Case: Industrial Sensors

Motivation

* Maintenance and downtime can add a serious amount of
costs to a machine, engine or plant

* Identifying problems and predicting possible failure can
avoid downtime

* Maintenance before failures occur can be a serious
advantage of this kind of technical equipment

e Sensors and wireless radios are key components for
monitoring industrial equipment

* Small frequency (min, h, days) can reduce power
requirements

Small thermal gradients are often available on industrial equipment
and can be used to power wireless sensors.

EU Project 730957




Use Case: Industrial Sensors

Key technology components
Thermoelectric power supply with ULP DC-DC Converter

* Voltage converter starts with 20 mV due to JFET and
transformer

* Works with minimum thermal gradient (2-3 K)

e Accepts bipolar inputs voltages

* Integrated MPPT using open-circuit voltage

e Commercial TEG 1*1 cm

* Optimized heat collector and heat sink

Optimized ultra-low power converters with a low cold-start
voltage enable the use of smallest thermal gradients.

EU Project 730957




Use Case: Industrial Sensors

Appllcatlon performance

Self-powered sensor BlueTEG for condition monitoring Thaming] s of 3 K i suiiaan i

measure and transmit 1 telegram per second
* Bluetooth LE: 1 telegram per second with BLE.

* 3 Kthermal gradients provides ca. 100 uW (70 cm3)

* Sensors: Temperature, humidity, leakage

* Application objects: Pipes, supply circuits, housings

1.6
* Options: Vibration harvester to use vibration energy on 14 e
pumps, motors, machines % 1.2
— Q
1
(O]
208 Q
o
5 0.6 Q
s
504 =
0.2
Q
0

0 5 10 15 20
Thermal Gradient TEG [K]

Output power of thermogenerator with DC-DC converter (gradient on TEG,
module size incl. heat sink: 7*2.5*4 cm)

EU Project 730957




Use Case: Smart City

Motivation

* Monitoring the environment were lots of people are
present can improve safety, convenience and
environmental burden

* Information can control buildings, traffic and even
peoples behavior

* Wireless sensors are again a key component

Energy harvesting can reduce installation and maintenance cost in
buildings and infrastructure applications, especially in retrofitting
cases.

EU Project 730957



Use Case: Smart City

Key tEChnOIOgy components Innovative micro energy management
LP-WAN with micro-energy management enables self-powered LPWAN MIOTY in
e ULP DC-DC converter to use voltages from smallest thermal various environments.

gradients

e Charging circuit for super capacitor

* Load switch to avoid start before enough energy is available

 Low-Power Wide Area Network (LP-WAN) MIOTY from
Fraunhofer IIS

EU Project 730957




Use Case: Smart City

Application performance
e Solar and thermal power are most promising in
building and city environments

LPWAN enable the remote monitoring of various
applications with self-powered wireless sensors over
distances up to 15 km.

Examples for 1
telegram every

15 min
Energy source Requirements Application
Temperature 3K, Failure indication
P Size: 70 cm3
. . 25 m 60 Hz, _ .
Vibration > M8 & 3 Predictive maintenance
Size: 170 cm
Output voltage TEG (green, 10 mV/div); Output voltage energy
. 500 lux (office light), . management (yellow, 500 mV/div); Input current MIOTY board (orange,
Light Facility management 10 mA/div)

Size: 9 cm? (panel)

EU Project 730957




Use Case: Tracking Systems

Motivation

Tracking systems have various and huge application fields
Localizing expensive goods, assets, vehicles, animals, even
persons

Measure and transmit position

Added value by transmission of sensor data (e.g. temperature,
shock, humidity, etc.)

Power supply is bottleneck for long-life applications (months,

years)
Runtime requirements determine battery size and thus volume
and costs (first-time, maintenance)

Energy Harvesting is charging the battery in tracking systems
during operation and enables unlimited runtimes.

EU Project 730957




Use Case: Tracking Systems

Key technology

components

Multi-source energy
management

Voltage converter for
different harvesters
Parallel operation
Monitoring of individual
power contribution
Storage management
(battery — capacitor)
Control of application
(sensors, radio)
depending on energy
parameters

Multi-source energy management increase the potential power
and performance in ‘higher’ power applications.

EU Project 730957




Use Case: Tracking Systems

Appllcatlon performance Positions | UMTS / Day Area Solar
* Power consumption depending on position update / Day [cm*cm]

and transmission rate

1 7 [2.B. 3*3]
* Required area of solar cell ) 6 ) 35 10 [2.B. 3*4]
e QOutput power of commercial vibration harvesters 3 12 12 9 26 [2.B. 5*6]
4 24 24 17 47 [2.B. 6*8]

* Options: Environmental monitoring, detection of
shocks, geo-fencing, verification of energy harvesting
scenarios, etc.

EU Project 730957



Use Case: Smart Wound Care

Motivation

* Traditional wound dressings are passive.

e Keep injury site sealed, sterile, protected
* Regular removal for inspection — delayed healing

* Smart Wound Care is based on active bandages/dressings which
can

* Sense wound parameters (pH and more) without removal
* Lead to accelerate healing

* Energy harvesting and power management could optimise battery
life (ideally move from ‘days’ to ‘weeks’)

* For many applications battery life is critical to minimise return to
clinic & minimise need for battery change during healing process

EU Project 730957




Use Case: Smart Wound Care

Discussion with project sponsor

1. Power consumption of sensors for smart wound care

2. Enhance healing using electrical stimulation

3. Investigate opportunity for thermal energy harvesting )

Patrick Noel Daly
4. Integration of suitable wireless sensor Founder
Icon Global Innovations
Rotterdam, Netherlands
T: +31 616 820005

https://www.linkedin.com/in/patricknoeldaly

Main focus area

EU Project 730957




Use Case: Smart Wound Care — E-stim

Electro Stimulation in medical therapy
* Electro-muscle stimulation (EMS)
* Recovery from injury
* Muscle training
* Massage
* Transcutaneous Electrical Nerve Stimulation (TENS)
* Pain management

Wound healing
* Enhance cellular motility in and along the wound edges
* Many clinical trials using variety of electrical parameters
* Generally positive outcomes
* No strong preference for optimum parameters.
* More research and larger trials required

EU Project 730957

Images from Kloth14



Use Case: Smart Wound Care - E-stim

e Skin battery

Image Ashrafil6

EU Project 730957

Wounds heal from outside edges by
creating a ‘current of injury’

Wound current 2 puA — 10 pA
Electrical stimulation can enhance the

skin battery, esp. for large or chronic
wounds




Use Case: Smart Wound Care — E-stim

Wound healing (example)

Low voltage pulsed current (LVPC) <1y
Power during each pulse ~750 mW, Average ~ 13 mW 291;1
Input power ~ 18 mW (at 80% efficiency) VSRR R e m— Lfleihulsm

128 Hz, Duty=1.7% 25-35V

Battery requirements for body worn application
Capacity, pulse current capability, moisture resistance, disposal, flexibility

SR44 (Silver oxide, 250 mW.hr) gives max. 13 hours (< 50% of)
CR2032 (Lithium, 650 mW.hr) gives max. 36 hours (< 50 % of) NB. Very dependant on conditions

Many variations on the treatment regimen

e Continuous DC, 24 hours per day, multiple days.

* 2 x 30 minutes per day, 60 Hz - 130 Hz

* This will determine the complexity and power requirement of the circuitry.

EU Project 730957



Smart wound care: EH - TEG

EH Environment Shia18

Poorly assessable area

Clothing cover

Patients often with reduced mobility
Minimal convection

Very low temperature gradients (1 K- 3 K)
Large variability in heatflux between individuals and age profiles

Commercial TEG
Voltage and efficiency very low forlow AT
No lab characterization below AT=5K (EnABLES push!)

Wearable (literature)

Typically wrist worn with heat spreader / sink

Focus on pW/cm? rather than restraining demos to realistic form factors
uW inadequate for e-stim but might help battery life with passive sensing
Developers - what area / form factor is realistic?

EU Project 730957

Thielen18

Thielen16




Smart wound care

Great opportunity to bring ‘thinking about power’ mentality to discussions with all the
stakeholders!
* Dressing lifetime

* E-stim treatment regimen (if required)
* Housekeeping requirement
 Control, feedback (LED indicators)

*  Wound parameters to monitor
* Existing and emerging sensor technologies
 Datarequirement (storage, transmission)

 User & environmental perspectives (comfort, disposal, safety, etc.)

Understand tradeoffs

Ability to optimize power consumption
Opportunities for ambient energies based on REALISTIC form factors and temperature
gradients

Optimize the design (thermal, mechanical, electrical) to maximize energy harvested

EU Project 730957




Use Case: Rotary Condition Monitoring

Rotary Kinetic Energy AC Power DC Power

Variable

Reluctance Low Voltage
Energy Harvester I Rectifier —

Concept
Rotational motion provides a stable and common energy source that can be harvested.
Variable Reluctance Energy Harvester, (VREHs) consist of a Rotating Toothed Wheel and a Pickup unit

At low rotational speeds there is a need for a Rectifier that can operate at the Low Harvested Voltages




Use Case: Rotary Condition Monitoring

Fixed

Rotating

The VREH The Mid Sweden University VREH Test setup The Three Phase VREH Pickup units

Key Technology Components

The VREH consists of a Stationary m-shaped Pole-Piece, two Magnets and a Rotating Toothed Wheel
The variable Reluctance as the wheel rotates generates AC Voltages

A Rectifier converts the Harvested AC voltages to a DC voltages




Use Case: Rotary Condition Monitoring

0.3Vpeak

AC
Input
"""""""""""""""""""""""""""""""""""" Voltage

Mid Sweden University measured Three Phase Voltages at 10 rpm

Study Content
A Rectifier converts the Harvested AC voltages to a DC voltages

A conventional Diode bridge Rectifier has Two diode Drops
Each Diode has a forward voltage in the range of 0.4V to 0.7V

The Diode Rectifier does not operate below 0.8Vpeak Voltage

Voltage

Diode Rectifier




Use Case: Rotary Condition Monitoring

AC
Input
Voltage

Mid Sweden University measured Three Phase Voltages at 10 rpm

CMOS Rectifier

Study Content
A CMOS Rectifer has ON Nmos and ON Pmos devices

The CMOS Rectifier can operate at Low Voltages




Use Case: Rotary Condition Monitoring

Rectified Output 0.3Vpeak

The Simulated Three Phase AC Harvested Voltages and the Rectified Voltages at 10 rpm

Study Content

The CMOS Rectifier was simulated using Cadence’s Spectre and Xfab’s 0.18u Process device models

The CMOS Rectifier operates at the 0.3Vpeak Three Phase Voltages harvested at 10 rpm




Use Case: Rotary Condition Monitoring

0.3Vpeak Input Power

Output Power

200pW

Calculated Input Power and Output Power

. 85%
The Simulated Rectifier Input and Output Voltages Efficiency ®
with Load Resistance varied from 250Q to 750Q 77
: 500 Ohm
StUdy Content e - LRI B R R LR R R L L R R L R I R L R L L R R L R R R R R L L R L

250.0 300.0 350.0 400.0 450.0 Lo0.0 550.0 600.0 650.0 700.0 7E0.0

The simulated CMOS Rectifier with the Load Resistance varied.

Calculated Efficiency
The Input Voltage is 0.3Vpeak and the Output Voltage varies from 0.28Vpeak to 0.22Vpeak
With a 500Q load the Output Power is 200u Watts and the Efficiency is 85%

The Diode Rectifier does not operate under these conditions




RF Energy Harvesting in Smart Building Applications

Vision: battery-less sensors everywhere

Room
Controller

Door Temperature

;[ Furniture ]




RF Energy Harvesting in Smart Building Applications

Example 1: Realisation of Switch Sensor

Reed contact

L Xl
/

Permanent magnet
mechanically moved by
window handle




RF Energy Harvesting in Smart Building Applications
Example 2: RF Evaluation Kit

RF Energy | Sensors:
Harvester | Controller <« Temperature
Humidity
\ J
Power- Memorv:
management | o Memory.,
Ext. power | | — EERIQIQ/IOOI\ZI
interface

I '

Add. powermodule: >
D Interface Data
solar cell — Energy
external sensors
thermo-el.generator




RF Energy Harvesting in Smart Building Applications

Example 2: RF Evaluation Kit — Power Consumption

Temperature Sensor:
Power Consumption for Conversion and State-Machine: 20 pW
Capacity in case of 1 measured Value per min : 0,2 uWs (per min)
Capacity with RF-Modul: 0,3 mWs (per min)

Pressure Sensor:
Power Consumption for Conversion and State-Machine: 200 pW
Capacity in case of 40 measured Values per sec: 18 mWs (per min)
Capacity with RF-Modul: 100 mWs (per min)

RFID:
Power Consumption for State-Machine: 1 pW




Use Case: Aircraft Tracking Devices

Concept

* Want to track ‘what kind of journey’ a ULD* and its contents
have had

* Where was/is it? Was it safe and compliant?

* Some ULDs have their own climate controls, esp. for
functionality and regulatory reasons e.g. pharmaceutical

e Battery life 12-18 months, needs improvement, target > 5
years (min. 3)

; |

* Universal Load Device




Use Case: Aircraft Tracking Devices

Sensing

* Temperature/Humidity
* 3D Acceleration/3D Compass
* Pressure/Sound

* Electrical Power Signals 50/60/400Hz

Tracking

* Real-time Location tracking approaches include use of
* RFID tags
* GPS
* Mobile

* Bluetooth Low Energy (BLE)
* Long Range Wide Area Network (LoRaWAN)




Use Case: Aircraft Tracking Devices

Sensing

* Temperature/Humidity
* 3D Acceleration/3D Compass
* Pressure/Sound

* Electrical Power Signals 50/60/400Hz

Tracking

* Real-time Location tracking approaches include use of
* RFID tags
* GPS
* Mobile

* Bluetooth Low Energy (BLE)
* Long Range Wide Area Network (LoRaWAN)




Use Case: Aircraft Tracking Devices
Study content

* |Investigate how the minimize the power consumption of existing and emerging technologies

* Analysis of power requirements of current solutions

* Investigate the real life ambient energies available for Energy Harvesting

1 1
Real Time Clock |
i & 1
I Control |
I I
I I
Temperature I
Humidity I I
3D Acceleration Sensor Data Converter Serial {—L’
i?eiisounrﬂepass _I->| Interface » & v Interface |
sound Storage |
Light I |
400Hz Power I I
1

Energy-harvesting-powered system AFE detail (Analog Front End)




Outcome

Use Case: Aircraft Tracking Devices
-
®

Innovative contextual control/detection circuit proposed that only activates various parts of the
system when needed (Tyndall/Swiss Airtainer confidential)

Energy harvesting power architecture devised

Reduction in power from 10mA (current system) to 50uA with Automatic Dependent
Surveillance—Broadcast (ADS—B)

3 year battery life with 1.5Ahr (Versus 1 year and 90Ah currently)!
PV panel 50x50mm (2”x2”) is sufficient to power autonomously

Can be further reduced to 11uA if ADS-B is not needed

* Surveillance technology in which an aircraft determines its position via satellite navigation or other sensors and periodically
broadcasts it, enabling it to be tracked. Also enables situational awareness (nearby aircraft).




Use Case: Batteries for med tech applications

Feasibility study activities
* Do a state of the art review to guide their selection of suitable battery technologies
* Based on a typical high level spec for current COTS wearable devices
* Includes form factor and end of life considerations
* Also to prompt others to ‘weigh in’ and give industry guidance

(Bring ‘thinking about power’ to the forefront)




Use Case: Batteries for med tech applications

Feasibility study outcome (some extracts)

Five unique commercially available battery types analysed for suitability

Commercial batteries do not provide sufficient supply capacity to provide 400 mWh with period pulses up to 100
mA

Some can be stacked together to achieve the necessary capacity at a nominal discharge rate but the actual
working capacity would likely be greatly reduced due to the periodic high current pulses.

Much research being conducted in flexible zinc-air batteries but only rigid-type batteries are currently available
Zinc-air batteries are high density but incapable of handling current pulses

Zinc-silver oxide SR44 battery was the most suitable candidate. If pulse discharge capacity is insufficient due then
consider lithium-based CR2032 model

There is little data on impact of periodic high current pulses, so testing necessary

Avoid Lithium batteries due to hazardous disposal material but can be ‘last resort’ if large discharge capacities
needed




Use Case: Batteries for med tech applications

Summary table and weblink

* Planning to publish in a forthcoming journal, will release details on PSMA & EnABLES websites shortly




