
Outputs from the workshop on High-Volume 
Manufacturing of Energy Harvesting Systems 
4 June 2014 



The EPSRC Centre for Innovative Manufacturing in Large Area Electronics organised a 
roadmapping workshop on High-Volume Manufacturing of Energy Harvesting Systems on 
4th  June 2014 with 23 participants from industry and academia in the UK.  
The objectives were to: 
• identify technical barriers holding back the development of printed energy harvesters 
• define the objectives for a programme to address the most important technical barriers 
An initial roadmap was generated by collating both the industry needs that will affect the 
commercial landscape for energy harvesting products and the most promising application 
domains to meet these needs. 
The potential applications were ranked according to feasibility of manufacturing a printed 
system and the value of the opportunity. The 21 shortlisted applications were grouped into 
five priority applications for detailed consideration of long-term goals, milestones to 
achieve the vision and desired future performance characteristics. 
Finally the most important R&D priorities to deliver these applications were identified. 
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Introduction to the workshop 



Top 5 industry drivers 
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1) Improving healthcare provisions 

2) Supporting aging population 

3) Energy generation 

4) Advertising and response to 
consumer needs 

5) Security 



Summary roadmap 
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State of Art Short term (+3years) Medium-term (+7 years) Long-term (+ 10 years)
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Healthcare 
Monitoring

Sensors, Industrial 
sensors and sensor 
networks

Infrastructure 
monitoring

Wearable devices/ 
electronics

Smart Packaging

Military & Anti-
counterfeiting

Energy monitoring

Environmental 

PV Applications

Functional textiles

Signage / 
Advertisement

Other

2014 2017 2021 2024

E. Security N. Internet of Things

S. Increasing 
demand for on-the-
go charging of 
gadgets

AB. EG National Trust. 
Technologies replacing 
missing volunteer roles or 
building health of 
structure

R. There needs to be a 
reason to use this “new” 
technology. Lower cost 
than replacing batteries.

L.  Always "ON" culture -
Digital media addicts 
(Emailers, Tweeters, etc)

A. Improving 
Healthcare provision F. Environment G. Reducing food 

waste
B. Supporting 
Aging Population

V. Smart homes 
T. Power source needed 
for wearable and other 
printed electronics 

M. Energy Efficiency 
printing advantageous due 
to need for technology to 
disappear /cost

I. Infrastructure 
monitoring

C. Energy 
generation and 
security

U. Elimination of 
plug-in chargers for 
all devices, trickle 
charge instead 

Z. Arts subsidies 
falling year on year

J. Demonstrate UK 
technology 
leadership

H. Increasing 
demand for Sensors

O. Position products in the 
context of the DH/NHS England 
strategy 2014-15 (technology 
assisting strategic objectives)

X. Integrated home 
entertainment/amenities 
systems 

W. Availability of low-
power display 
technologies

P. Develop research collaborations 
with companies, aligned to the 
NHS strategic aims 2014-2020

K. Re-position high 
security business in new 
sectors

D. Advertising and 
response to consumer 
needs

AA. Low cost printed 
medical diagnostic tools

Y. NHS £30bn cost savings 
by 2020

Q. Use evidence base to enable 
dissemination of products into 
European and global healthcare 
markets

34. Continuous glucose/blood 
pressure monitoring using  
energy harvesting from body 
heat or motion

47. Autonomous systems implanted in 
the body implementing bionic assisted 
functions and personalized treatments, 
e.g. SCI treatments, cochlear implants, 
smart systems for drug delivery

37. In-home condition 
monitoring

10. Continuous wearable 
medical sensor (e.g. 
Pulse/sugar)

42. Bed-post heart 
rate/respiratory 
sensor)

53. Smart bandages 51.Tracking/monitori
ng of elderly patients

44. Sport/medical 
sensors

56. Implantable 
health monitoring 
system.

24. Healthcare -
Lifestyle and health 
monitoring using of 
illness.  

30. Wearable 
electronics

27. Energy 
harvesting for 
implanted medical 
devices

39. Integrated evidence-
based domiciliary care 
and monitoring 
technology systems  

22. Autonomous sensors -
Wireless sensors for 
environmental (e.g. office 
occupancy) or equipment (e.g. 
machine status) monitoring. 55. Control sensors on in 

home electrical appliances.

1. Wireless “Self Powered” 
sensors  for security and 
monitoring.

28. Wireless Sensors 14. Supercap / battery 
top up power supplies

41. Sentels – sensors 
for Hotels

3. Remote monitoring 
of litter bins City wide.

45. Distributed 
Internet-of-Things

25. Wireless Sensor Networks 
for Factory Environments

32.Printed piezoelectric vibration 
energy harvesters for industrial 
monitoring applications

23. Structural health monitoring of 
infrastructure. Powering sensors for real-
time data on critical infrastructure (e.g. strain 
sensors for bridges).

18. Ageing Infrastructure Monitoring - Classic 
use of WSN for monitoring ageing civil 
infrastructure such as water and gas 
networks, bridges etc

7. Wearable Device -
Wearable device for 
consumer health and safety

43. Wearable, outdoor 
charging of gadgets

59. Wearable technology –
sensors, healthcare

8. Energy storage:  Equipment to 
more efficiently store charge in a 
conformable cell battery life in 
smaller devices.

2. Longer battery life in 
smaller devices

31. Wireless power transfer 
for packaging 49. Interactive packaging 11. Food product labels with 

small display 29. Intelligent Packaging 54. Smart food packaging

4. NFC powered DERT label 5. Ultra low cost NFC tags

35. Personal environmental 
/monitor  using  energy harvesting 
from body heat, motion or RF

36. Personal disposable water 
quality monitor using  energy 
harvesting sunlight

46. Wireless sensor networks 
for indoor air quality 
monitoring

62. Powergen (TE)
-Harvest low grade heat
-- Reduce CO2
•Organics vs Bi2Te3

16. Military Surveillance - Power 
supply for miniature sensors that may 
record either environmental or human 
parameters (e.g. voice)

50. Networks of personal sensors  for 
monitoring in hostile/military 
environment  

48. Energy scavengers 
embedded everywhere in 
buildings in furniture, glasses,  

12. Solar powered grid 
monitoring mesh.

57. EH plug-ons for 
commercial/industrial 
infrastructure

13. Flex OPV iPad cover 40. PV powered smart watch 20. Roll-up PV/LED combo

61
•Integrated PV/TE
•Harvest waste heat (IR)
•Large area (TE)

15. Prefab BIPV & storage

38. Body-Guard textiles 33. Photovoltaic Textiles

19. Smart door
58. Wireless sensors for 
proprietary systems // 
consumer toys gadgets

63. Printed low cost mechanical 
energy harvester for time 
monitoring systems.

17. Building Management - Many sensors in 
buildings to control temperature locally to 
occupants, only heat/cool rooms with 
occupancy etc

26. Powered RFID tag.
60. Helping to power the IOT in 
industrial, government and 
consumer

21. Phase-change heat 
sink

52. Dynamic advertisements
9. Large-area wireless OLED 
signage: Intermittent illuminated 
signs powered by transparent PV.



Selection Criteria 
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• Use of batteries 
alone 

• Use of mains 
power 

Does Energy Harvesting 
make sense versus 
(“NO” = fail) 

• big is good Size of market when mature  

• big is good Size of margin  

• few companies  / 
technologies is 
good 

Amount of competition  

•“ YES” is good Is it a platform for other 
products 

•“YES” is good 

Does printing some / all of 
EH system offer: 
1. Form factor/physical 
benefits to end-user/integrator 
2. Cost reduction 
3. Ease-of-integration 

 
How appropriate is the 
degree of technology 
difficulty 

•“YES” is good Fit to UK manufacturing 
capability 

Research &  
Development (i.e. academia 
+ industry R&D) lasts: 

<2 years    Low 
3 - 4 years    Medium 
5 - 7 years    High 
8 - 12 years  Medium 
12+ years    Low 

Feasibility of a (part-) printed system Value of Opportunity 



Prioritising applications by value and feasibility 
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4. NFC powered DERT label 

18. Ageing Infrastructure 
Monitoring 

30. Wearable electronics 

51. Tracking/monitoring of elderly 
patients  

17. Building Management 

54. Smart food packaging 

32. Piezoelectric vibration energy 
harvesters 

6.Fully interactive ID documents 

37. In-home condition monitoring 

59. Wearable Technology 

46. Wireless sensor networks for 
indoor air quality monitoring 

38. Body-Guard textiles 

52. Dynamic advertisements  

53. Smart bandages  

44. Sport/medical sensors  

11. Food product labels with small 
display 

29. Intelligent Packaging 

63. Printed low cost mechanical 
energy harvester for time 

monitoring systems. 

12. Solar powered grid monitoring 
mesh. 

26. Powered RFID tags 

39. Integrated domiciliary care &  
monitoring technology systems   
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Top 5 application priorities 
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1) Antennas and circuits 

2) Healthcare 

3) Wearables 

4) Smart packaging 

5) Sensor networks 



Roadmap for antennas and circuits 
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Antennas and Circuits
Including:  Everything
Excluding: Nothing
System Components: VISION

A circuit applicable to 
many different 

products. 

MILESTONE 1
Phase I

Evaluate 
antenna, power 

output

MILESTONE 2
•Hybrid circuit
•Power – Load

•Phase II
Circuit logic

RESEARCH 
PRIORITIES
•Diode 
development
RF – UHF etc
•Antenna design 
(materials etc)
•Logic circuit –
development 
(load for system)

TECHNICAL REQ
• Antenna
• Material Design
• Impedance
• Diode - 2 GHz?
• Printed super-
capacitor
• Material, area, 
connection

MILESTONE 3

TECHNICAL REQ
• Printed super-
capacitor with 
variable tolerance
• Display
• OLED

TECHNICAL REQ
•Energy from 
GSM, TV etc
•Logic
•Display
•Electronics
•Interaction with 
Phone - App

Antenna
Display

Driver
RFID/NFC

Encryption

Supercapacitor

GSM
DTV
LW

Antenna Rectifier Supercapacitor Circuit
Logic/ Memory

Design coupling
Form factor

Frequency
Full v ½ Lifetime

Power Need
Time to charge

Power Need
Size of Memory

Cost

Mobile phone 
output

Tag
Display OLED

Type of Display i.e. 
Segmented or 

electrochromicON/ 
OFF

Cell phone near field 
coupled

Antenna 
Design 

(coupled)
Supercapacitor OLED Display

State of Art (2014)          Short term (2017)        Medium-term (2021)      Long-term  (2024)                        Vision



Roadmap for patient monitoring 
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Healthcare
Including: ID of patient, motion sensor, tracking using multiple base station(s) in the building, sensors for blood pressure, body temperature, 
blood oxygen and possibly also include blood sugar  and / or heart rate.
Excluding: Outdoor tracking, Energy harvesting for installed base stations and any treatment (to lower regulatory burden)
System Components: VISION

Patient tracking in home or 
care environment

intermittent monitoring each 15 
minutes for 24 hours/day

Format:
Wrist band with PV on outside 
and sensors on inside surface

Need:
Require monitoring for 1 year 

after intervention – lower cost by 
removing patient from  hospital

MILESTONE 1
PV and one 

motion sensor 
plus wireless 

reporting
(proof of 
concept)

MILESTONE 2
PV plus multiple 

sensors
(not necessarily 

printed)

RESEARCH 
PRIORITIES
•Development of 
printed sensor 
elements
•Printed 
rechargeable 
battery
•Printed power 
conditioning circuit
•Integrating 
sensors and 
electronics with  
pre-printed PV

TECHNICAL REQ
•BP
•Printed 
temperature 
sensor
•Print antenna
•PV on separate 
substrate

MILESTONE 3
PV plus printed 

sensors

TECHNICAL REQ
•Printed power 
conditioning
•Rechargeable or 
disposable flexible
•Printed sensors
•All flexible 
components 
integrated

TECHNICAL REQ
•High efficiency PV 
materials + module 
design
•Develop new sensor 
types specific to 
conditions or patient 
type
•Flex/printed analog or 
logic if/or where 
appropriate
•Low power transceiver 
(silicon)

PV Module Power 
Conditioning

Rechargeable 
battery Sensor elements

State of Art (2014)          Short term (2017)        Medium-term (2021)      Long-term  (2024)                        Vision



Roadmap for RF powered light emitting label 
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Smart Packaging- RF Powered light emitting label
Including: Food product labels with small display, dynamic advertisements
Excluding: Smart food packaging, intelligent packaging
System Components: VISION

On-pack advertising

Toys and games

Super cheap 
authentication e.g. 

ticketing

STATE OF 
ART
Hybrid 
integrated Si + 
printed EL

Si-based data -
loggers

MILESTONE 1
Hybrid printed 
flashing label –

step up

LC EL

MILESTONE 2
All printed 
flashing label
+ thin flex on 
board
store logistics
• Charge once
• Sample 
once/hour

State of Art (2014)          Short term (2017)        Medium-term (2021)      Long-term  (2024)                        Vision

TECHNICAL REQ
•Thin capacitor 
10µf/mm2

•Integrated diode 
(printed) ≥ 13.56 MHz
•Antenna Printed (cc £ 
costs) 30<Q
•Thin, flexible super 
caps - Pick/place 
capable or lamination, 
Low cost 10c/F
•Silicon 
microprocessor + 
ancillaries

MILESTONE 3
All printed 
tracking label 
with hourly 
sensing and 
printed piezo
speaker driver

TECHNICAL REQ
Antenna: Q=100
Microprocessor: 
externally 
printed?

TECHNICAL REQ
Capacitors: Multi 
layer
100µf/mm2

Antenna: Q=50
Microprocessor: 
Silicon 
microprocessor
Printed ADC

Printed high Q  coil Printed 
diodes Capacitors Voltage 

multiplier
Energy 
storage

RESEARCH 
PRIORITIES
•Supercapacitors
•Printed Capacitors
•High-Q printed 
coils 
•Printed 
microprocessor (or 
comparator + ADC)



Roadmap for air quality sensor network 
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Sensor networks
Including:  Indoor air quality monitoring 
Excluding: Grid monitoring mesh, building Management, ageing Infrastructure Monitoring  and printed piezoelectric vibration 
energy harvesters for industrial monitoring applications
System Components: 

VISION
Home patch -

domestic air quality 
sensor using hybrid 

PV-RF energy 
harvesting

STATE OF 
ART

Hand held 
damp monitors
CO2 monitor

MILESTONE 1
Blue tooth

fungi
damp

MILESTONE 2
Weekly:
Fungi, damp
Hourly: CO2, 
CO, VOC

RESEARCH 
PRIORITIES
Printed diodes
System integration
Full printed devices

TECHNICAL REQ
•Antenna: Improve 
reproducibility, 
•PV: reduce cost, 
improve performance
•Power mngt: Printed 
100 kHz circuits
•Commercial printed 
energy  storage, 
printed supercaps
•Printed sensors

MILESTONE 3
Multi sensors
- customer 

specific

TECHNICAL REQ
•System 
integration
•PV: Full 
integration
•Single IC for 
Comms, Power 
mgt, RF harvest, 
Sensor front end 
•Sensors: 
Graphene enabled 
sensor

TECHNICAL REQ
•Antenna: reduce  
cost, resistivity
•PV: improve lifetime 
(barrier propserties)
•RF: printed diodes
•Single IC for 
Comms, Power 
mgt, RF harvest, 
Sensor front end 
• improved energy 
storage, printed 
supercaps
•Sensors: improve 
number/sensitivity

Antenna / PV / RF Power 
Management

Battery / 
printed 

supercap

Low power, 
wireless 
comms

Sensor 
technology

State of Art (2014)          Short term (2017)        Medium-term (2021)      Long-term  (2024)                        Vision

TECHNICAL REQ
•Antenna: Printable, 
low Q factor
•PV: Printable, cost, 
form factor
•RF Harvester: Not 
printable
•Conventional IC for 
power management
•Energy storage: 
Printable 
rechargeable 
batteries “feasible”



The most important R&D priorities to deliver these applications were: 
• Printed diode development (RF – UHF) 
• High Q printed antennae (design, materials etc) 
• Printed logic circuits (e.g. power management, comparator/ADC, 

microprocessor etc) 
• Development of printed sensors  
• Printed rechargeable battery 
• Integration (e.g. sensors and electronics with  pre-printed PV and other EH 

systems) 
• Supercapacitors 
• Printed capacitors 
• Fully printed devices 
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R&D priorities 
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