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I . INTRODUCTION

Flexible hybrid electronics. Sounds like it might be interesting, but what exactly
does it mean? Unfortunately, it depends on who you ask and the context being

discussed. So, let’s start with ‘‘flexible.’’ It could mean adaptable for multiple

applications, but, here the term refers to mechanical properties, although not

necessarily precisely defined. Me-

chanically flexible might mean any-

thing from conformable (nonlinear

shape) to bendable or rollable (around

a defined radius of curvature), or even
foldable and stretchable. Although

not well defined, the intent is to

differentiate from the rectangular,

rigid form factor of conventional

semiconductor electronics.

Hybrid means heterogeneous in-

tegration of conventional electronics

with other electronic components
(passive devices, sensors, etc.) that could be fabricated using conventional

thin-film transistor (TFT) process technology by additive printing (ink jet,

gravure, etc.). The purpose is to provide an electronics solution that has

adequate performance, but in a low cost, novel form factor because printing

offers the ability to inexpensively fabricate structures over large areas on

mechanically flexible substrates (plastics, metal sheets, bendable glass).

However, integration with conventional electronics such as silicon CMOS is

necessary to achieve required performance because TFT and printed devices are
significantly inferior to conventionally fabricated devices.

Finally, just what kind of electron-

ics might be of interest in this con-

text? The original intent was driven

by the growth of displays and photo-

voltaics, and later by area lighting. All

are based on electronics distributed

over a large surface area and can

provide excellent electrical perfor-
mance. However, when fabricated

on glass, they are heavy, breakable,

and restricted as to placement. Thus,

fabrication on substrates such as

plastic would overcome those limita-

tions while delivering a quality prod-

uct in a variety of interesting form

factors at lower manufacturing cost.
At the same time, organic thin-film

transistors (OFETs) and light emitting

diodes were being developed for these

electrooptic products. These organic

materials can be relatively easily

developed into inks that can be

printed at room temperature on plas-

tic substrates. Thus, the concept of
printed, flexible TFT-based electron-

ics was initiated in the 1990s time

frame.

While attractive in concept,

printed, flexible displays, photovoltaics,

This special issue on
flexible hybrid electronics
provides insight into the
technical problems that
must be overcome as well
as the new capabilities
they could provide.

Digital Object Identifier: 10.1109/JPROC.2015.2414486

0018-9219 � 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Vol. 103, No. 4, April 2015 | Proceedings of the IEEE 491



and lighting have had many challenges
to overcome and are only now seeing

significant market penetration. Simul-

taneously, a different direction was

explored that aimed at exploiting the

concepts of printing TFTs on flexible

substrates to address the needs for

lightweight, conformable, large area,

and low-cost sensor systems. It is this
category of applications that we cover

in this special edition. We focus on

this topic because in many ways, it is

a more complex problem because

active electronics must be incorporat-

ed into the sensor system to provide

control, computation, and communi-

cation functions. What might these
systems be? They can range from the

low end wireless sensor tags for the

Internet of Things (primary driver low

cost) to wearable electronics (driver is

comfortable form factor for health and

safety monitoring) to embedded sen-

sors (driver is large area, distributed

structural and environmental moni-
toring). Although the original goal was

to use printed TFTs for the elec-

tronics, subsequent work demon-

strated that this was feasible for only

a segment of the market. Where

higher electronics performance was

required, a hybrid approach would be

needed.
The interest in this area is not new,

but is only now becoming feasible. The

famous Dick Tracy wrist-worn radio

goes back to 1946 (The Road to Wrist-

Wearable Electronics from Radio to

Computer, by Alexander Magoun,

Ph.D., IEEE History Center). In

1965, flexible circuitry was credited
with providing 25% more room inside

a telephone to allow more functional-

ity in the same package. But, it is only

recently that the ability to fabricate

active electronic components, not

just wiring interconnect on flexible

substrates that has created both tre-

mendous opportunities and chal-
lenges. For additional insights and

information, we refer the reader to

several references. Information Dis-

play is available from the Society for

Information Display. The Jan./Feb.

2015 issue has several articles on flex-

ible and wearable devices. The Mate-

rials Research Society is also a good
source for information on novel elec-

tronic applications and materials. For

example, the MRS Bulletin of April

2013 (vol. 38, no. 4) covered the topic

of electronics on paper. Similarly, the

March 2012 edition of the MRS
Bulletin (vol. 37, no. 3) addressed the

materials and approaches to enable
stretchable electronics. For perspec-

tive on the thinking and technology

for flexible electronics a decade ago,

the reader is referred to the Proceed-

ings of the IEEE (vol. 93, nos. 7 and

8, July and August, 2005). We hope

that this special edition provides

insight into the technical problems
that must be overcome as well as the

new capabilities that flexible hybrid

electronics could provide.

II . WHAT IS THIS SPECIAL
EDITION ABOUT?

Displays and PV as we have noted have
been very influential in the emergence

of printed and flexible electronics.

That said, over the last decade or so

the fields have diverged although

some of the underlying fabrication

technologies remain common. The

differentiation has come to involve

the desire to provide intelligence
(the now ubiquitous ‘‘smart’’) to

novel products. Displays and PV pio-

neered manufacture of large area or

conformal/flexible formats. However,

the ability to manufacture in novel

formats leads to the question of what

other electronic systems might be

manufactured and what capabilities
are needed for success. Displays and

PV are relatively electronically sim-

ple. Their functionality is achieved via

diodes and transistor switches with no

logic, memory, or analog functions

except those supplied by conventional

packaged electronic parts. Thus, novel

form factor electronics for applica-
tions such as sensor and actuator

systems need more complex electron-

ics to control, compute, and commu-

nicate. Conventional electronics, of

course, are very capable of all such

functions, but not necessarily with the

desired mechanical features. Where

the electronics systems are intended
to be disposable, wearable, fit con-

formably into structures, or be unob-

trusive, then the various components

need to be low cost, thin, lightweight,

and bendable. Ideally, this goal could

be accomplished with the same mate-

rials and manufacturing methods used

for displays and PV. However, with
few exceptions, this approach is not

possible and significant research has

been directed towards manufacture of

more complex electronic functions

with advanced printing technologies.

More recently, even printing technol-

ogies have proven inadequate as

electronic requirements have become
more demanding. It is this opportu-

nity to create special purpose electro-

nic systems in novel form factors that

we focus on here. These devices have

features and requirements in common

with those of displays and PV, but

with much more demanding required

capabilities and manufacturing toler-
ances. While there have been many

reviews on conventional TFT electro-

nics based on materials such as

amorphous silicon, organics, and

oxide-based compound semiconduc-

tors, in this proceedings we empha-

size the possibility of integrating

printed electronics with conventional
electronics.

III . OVERVIEW OF PAPERS

Flexible hybrid electronics for sensor

systems has many important aspects.

All of them cannot be addressed in

this special edition. For example, the
question of what substrate to use for

what applications is diverse enough to

almost be a special issue in itself (va-

rious plastics, flexible glass, paper,

thin-metal sheets). There are also

many options for conductors ranging

from the well-established copper and

indium tin oxide to various nanopar-
ticle metallic inks and more recently

carbon nanotubes and graphene. Sim-

ilarly, materials possibly suitable for

fabrication of TFTs could require mul-

tiple special issues. Here, we focus on

key enabling technologies for system

integration to include manufacturing
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methods, component design consid-
erations, and exemplar applications

that demonstrate the advantages of

the thin, lightweight, flexible format,

especially for sensor applications.

A. Manufacturing Technology
While displays and photovoltaics have

been in large scale manufacturing for
years, other printed, flexible, or large

area electronics are just beginning to

reach the commercialization stage.

Specific products and manufacturing

methods are still TBD, but there are

several technologies that will be es-

sential to the commercialization of

flexible printed and hybrid electron-
ics. As with conventional electronics,

the ability to cost effectively pattern

materials to define and interconnect

electronic devices is perhaps the fore-

most consideration. Thus, in the first

paper in this special edition, Kahn

describes why patterning functional

materials is one of the key technolo-
gies to enable flexible electronics.

Successful approaches depend upon

the ability to construct layers of mate-

rials having precisely defined archi-

tectures and relationships on flexible

supports. The paper reviews the major

patterning techniques that have been

used for flexible electronics, and dis-
cusses the unique features, advan-

tages, and disadvantages of each.

A second key and enabling tech-

nology is the ability to deposit and re-

move materials required for printed

electronics. Therefore, the next paper

by Morrison et al. describes tools and

methods for Roll-to-Roll (R2R) pro-
duction, which combines the advan-

tages of inexpensive, lightweight &

flexible substrates with high through-

put. A variety of web handling and

coating technologies/platforms enables

high volume R2R manufacture of thin-

film silicon solar cells and TFT active

matrix backplanes. The work presented
describes the latest advances and prin-

cipal challenges inherent in moving

from lab and pilot scale manufacturing

to high volume manufacturing.

The power required to operate the

hybrid flexible devices is both a man-

ufacturing issue, and also a system

design issue. Thus, we include a dis-
cussion of this topic by MacKenzie

and Ho here because it is a necessary

consideration when planning com-

mercialization of a flexible or printed

product. If flexible electronics are to

become a commercial reality for

wearable electronics, medical devices,

and internet of things devices, energy
storage technologies that safely and

robustly match the mechanical flexi-

bility of the overall system are re-

quired. The essential requirements

for energy storage for feature-driven

applications in flexible electronics are

addressed with the goal of finding the

most compelling fit between product
needs, consumer safety, and technol-

ogy capabilities.

B. Device Manufacturing Issues
With the above as background to base-

line technology applicable to fabrica-

tion of flexible and hybrid systems, we

then include several papers that de-
scribe the challenges involved in

adopting these technologies for prac-

tical applications. These are presented

from the perspective of increasingly

difficult application requirements.

Noh et al. outline a specific exam-

ple of why hybrid printing processes

for fabricating flexible organic thin-
film transistors are not readily trans-

ferrable to scalable, fully printed

processes because of threshold voltage

(Vth) variation. The underlying causes

are discussed by considering effects of

misalignment, rheology of electronic

inks, and external additives. By ad-

dressing these issues, fully gravure
printed RF sensors are realized with

26 printed CNT TFTs achievable with

acceptable Vt variation.

Next, Subramanian et al. provide a

detailed study of how printing tech-

nology can be successfully adopted for

manufacture of TFTs. To make

printed electronics a reality, it is nec-
essary to deliver high resolution, good

reproducibility, excellent pattern fi-

delity, high process throughput, and

compatibility with the requisite semi-

conductor, dielectric, and conductor

inks. The paper reviews the physics of

pattern formation to show how con-

trol of drop merging and drying can be
used to produce high-fidelity shapes.

The authors discuss gravure and inkjet

printing to produce sub-2 micron

features at printing speeds of �1 m/s

for high-performance fully printed

transistors on plastic over large areas.

There is a need for more than just

TFTs for printed electronic systems,
and the next paper by Hester et al.
provides examples of one of the direc-

tions the technology may take. Inkjet

printing and additive manufacturing

technologies (AMT) are introduced

for the fabrication of flexible RF/

microwave electronics and sensors.

The paper covers examples of state-of-
the-art printed passives, sensors, mi-

crofluidics, and antennas that could

set the foundation for wireless sensor

ad-hoc networks with enhanced cog-

nitive intelligence and ‘‘zero-power’’

(energy harvesting). The paper also

discusses the major challenges for

the realization of inkjet-printed/3D-
printed high-complexity flexible

modules.

Finally, Street et al. provide a

prospective on where printing of

electronics has been and where it

might go in the future. Printing as a

manufacturing technique is a promis-

ing approach to fabricate low-cost,
flexible and large area electronics.

Over the last two decades a wide

range of applications have been ex-

plored, although some turned out to

be challenging to commercialize.

However, progress in terms of mate-

rial science, device- and process

technology now makes it possible to
target some realistic applications such

as printed sensor labels. When need-

ed, higher performance can be

achieved with printed hybrid elec-

tronics, opening up further applica-

tions. For the future, they describe a

prototype sense-and-transmit system,

focusing on integration, interconnec-
tion of the chips, compatible interface

electronics, and providing power.

As mentioned in several of the pa-

pers, as interesting and adaptable as

printing might be for flexible elec-

tronic systems, there are also major

impediments to fabrication of higher

Scanning the Issue

Vol. 103, No. 4, April 2015 | Proceedings of the IEEE 493



performance devices necessary for
many applications. The basic reason

for this is that the strength of printing,

the ability to deposit materials at am-

bient temperatures over large areas

rapidly, is also its weakness. For fab-

rication of high-performance devices

what is needed is small feature size

and ordered crystalline structure.
Both are difficult, if not impossible,

to achieve via conventional printing

technologies. As described in the

above mentioned papers, this is not

an issue where the system of interest

does not require higher performance

than what printing methods can

provide. But, many systems of interest
require higher performance circuits to

be effective for demanding applica-

tions (computation and communica-

tion especially). To address this issue,

we include two papers to demonstrate

how more complex and higher per-

formance systems are possible by

merging printing and conventional
electronics into a hybrid approach.

Integration of rigid materials, such

as inorganic crystalline materials that

are the fundamental materials respon-

sible for the explosion of technology

and products in electronics and pho-

tonics, has become of increasing

importance as interest in higher per-
formance flexible systems has grown.

Means for doing so have been devel-

oped in several research groups. One

of the most prolific in terms of possi-

ble applications and breadth of ex-

ploited technologies has been the

Rogers group at University of Illinois.

In the next paper they provide an
overview of their approach to the

problem and demonstrate many of the

advantages and applications. They re-

port important progress in developing

design strategies, materials, and asso-

ciated assembly techniques that pro-

vide approaches to electronics with

unconventional formats: light weight,
large area, high-performance electro-

nics, systems with curvilinear shapes

and demanding forms of mechanical

flexure, and functional bioresponsive

electronics. They also highlight

advances that are enabling such

capabilitiesVspecifically, the fabrica-

tion of device elements using high-
performance inorganic electronic

materials joined with printing and

transfer methods to affect their inte-

gration within functional modules.

In a similar fashion, exploiting the

strengths of microelectronics tech-

nology can facilitate the advance of

flexible electronics as described by
Hackler et al. Their premise is that

while the potential benefits of printed

and flexible electronics are well known,

major gaps exist. They then discuss the

benefits and challenges of taking a

hybrid manufacturing approach that

integrates traditional, yet flexible, elec-

tronic devices (system on polymer)
with printed components to meet

performance requirements. This yields

a physically flexible integrated circuit

(IC) chipset that can easily migrate into

smart, wearable consumer devices,

flexible and conformal industrial appli-

cations, and smart sensor structures.

C. System Demonstrators
With both pure printing and hybrid

integration of conventional chips and

printing methods available for fabri-

cation of flexible systems, an obvious

question is what kinds of applications

are envisioned to build on the success

of products such as flexible displays
and photovoltaic modules. To provide

a sense of where these technologies

might go, the final set of papers offers

some perspective on what flexible sys-

tems may be of interest and how they

might be brought about.

The contribution from Cambridge

University presents a concept for a
future interactive display. Thin-film

transistors and sensors constitute fun-

damental building blocks for a new

generation of applications ranging

from interactive displays and imaging

to future electronic systems. This pa-

per reviews the current status of the

ubiquitous amorphous oxide semicon-
ductor technology for flexible and

transparent interactive displays to

conceptualize a TFT-based fully het-

erogeneously integrated and autono-

mous system that can be realized

using a combination of oxide TFT

and other technological routes.

Next, we present an effort from a
national research center known as

ASSIST that considers the challenges

of developing a truly wearable and

viable physical health monitor. The

paper focuses on addressing the key

challenges in wearable health and en-

vironmental systems that enable

ultra-long battery lifetime, user com-
fort and wearability, and validated

sensor data. This paper presents the

latest advances in use of nanotechnol-

ogy to build miniature, self-powered,

wearable and wireless sensing de-

vices, high-efficiency nanostructured

energy harvesters and storage capa-

citors, new sensing modalities, low-
power computation, and novel

flexible materials.

From wearables, we move to an

even more demanding application.

Lee et al. explore another direction

where extreme flexibility as well as

sophisticated electronics capability

are essential. The large size, planar
geometry, and stiff mechanical prop-

erties of standard conventional elec-

tronics employed in medical devices

give rise to important integration

challenges with soft biological tissue.

The paper presents novel mechanics,

materials, and integration strategies

for this new class of bioelectronics
onboard minimally invasive catheter-

based systems. Representative exam-

ples highlight the clinical significance

of soft biointegrated electronics,

along with the mechanics and pro-

cesses that enable this technology.

The last paper in this special edi-

tion examines yet another direction
flexible hybrid electronics could take.

Specifically, employing the ability to

deploy electronics over large areas can

lead to novel sensor arrays. The paper

by Verma et al. describes this ap-

proach. By enabling diverse and large-

scale transducers, large-area electron-

ics raises the potential for electronic
systems to be interactive much more

extensively than is possible today. But

first, translation into applications re-

quires a base of system functions that

cannot be realized by large-area elec-

tronics alone. It is necessary to com-

bine large-area electronics with
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CMOS, within hybrid systems. To
explore platform architectures along

with the supporting circuits and

devices, they consider, a self-powered

sheet for high-resolution structural

health monitoring.

IV. SUMMARY AND
CONCLUSIONS

Our intention has been to provide the

reader with an understanding of what

flexible hybrid electronics is about

from a description of some of the

applicable technologies, to the ap-

proaches being taken to overcome

performance limitations and provide
cost effective solutions, and finally to

descriptions of potential future sys-

tems. Space precludes coverage of all

the areas that are relevant to the

subject. We apologize for this and

particularly to the many technical

contributors whose efforts are moving

the technology and the field forward
at an increasing pace. We would also

be remiss if we did not thank our au-

thors not only for their technical ex-

cellence, but for their willingness to

sacrifice time and effort to provide the

insights contained in this special edi-

tion. Further, we must also extend our

gratitude to the reviewers who put so
much effort into not just technical

considerations, but also into ensuring

that the material can be understood

even by the nonexpert.

In addition to the organizations

represented in this Proceedings, to

learn more about printed, flexible, or

hybrid electronics the reader is di-

rected to FlexTech Alliance (flextech.
org) which hosts an annual confer-

ence in February as well as workshops

throughout the year. Other sources

include IdTechEx (http://www.idte-

chex.com/) and Organic Electronics

Association (OE-A,http://www.oe-a.

org/home). Of particular interest is

that OE-A’s roadmap identifies hybrid
systems as an important trend.

Of special interest for flexible

hybrid electronics systems is the work

of electronics manufacturing industry

consortia, iNEMI. The iNEMI Road-

map has become recognized as an

important tool for defining the state

of the art in the electronics industry as
well as identifying emerging and dis-

ruptive technologies. It also includes

keys to developing future iNEMI

projects and setting industry R&D

priorities over the next ten years.

What is next for flexible electron-

ics? It’s hard to know exactly, but cer-

tainly some trends are becoming clear.
First, regardless of the specific tech-

nical approach, there is increasing

interest in solutions with novel form

factors to include thin, lightweight,

conformable, bendable, large area,

and disposable. Flexible and printable

electronics are consistent with such

features. However, where more com-
plex electronic functions are required,

it is difficult to see how to achieve the

desired capabilities without hybrid

integration of conventional electron-

ics in some way as described here. In

fact, a reminder is often heard from

those active in the development of

TFTsVif it can be done in silicon, it

will be done in silicon! In fact, current
trends in silicon technology are mak-

ing it easier than ever to include chip

technology into flexible designs.

The emergence of 3D chip stack-

ing and leakage power reduction in

advanced nodes (ITRS roadmap) has

provided infrastructure for both chip

thinning and silicon on insulator
integrated circuits. Both make thin

silicon (G 50�m thick), which is

flexible and transparent, readily avail-

able in mainstream designs. Thus,

flexible electronics can benefit from

the massive investment made in IC

design and fabrication allowing prod-

uct designers to focus on system de-
sign issues. Further, as described

here, printing technology is maturing

while directed self-assembly (of chips,

not molecules) is being developed.

Both offer potential of better con-

trolled and capable systems either in-

dependently or as a hybrid approach.

Packaging and assembly technology is
also moving in a direction that will

benefit flexible electronics. Multichip

packaging, flexible circuit boards,

low-resistivity interconnects, thin-

film encapsulation technology all

provide enhanced methods for flexi-

ble electronics. At the same time,

sensors, whether printed or MEMS,
are becoming more capable and more

diverse, opening up more and more

sensor system opportunities. So, al-

though a specific roadmap may not

be available, both product require-

ments and technical capabilities

point to a bright future for flexible

electronics. h
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