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Building the Nexus  
Between Electronics and the  
Human Body for Enhanced Health

Over the past few decades information technology (IT) has suffused every 
corner of society and reshaped the way people live, communicate, work, and 
entertain themselves. The next 50 years are likely to yield another genera-
tional change in electronics, and corresponding changes in people’s lives.

A major recent trend is the creation of electronics, including stretchable 
microchips, that can be integrated, even merged, with the human body (Chu 
et al. 2017; Kim et al. 2011; Wang et al. 2018a), expanding the role of IT 
from obtaining information for human use to obtaining information from 
the human body.

A nexus between electronics and the body, with its rich quantity and diver-
sity of information, will significantly enrich technological approaches that can 
benefit people’s life and health (figure 1). To achieve this, the conventional 
silicon electronics in planar and rigid form factors need to give way to a new 
generation that possesses multiaspect similarity and compatibility with the 
human body (Ray et al. 2019; Someya et al. 2016; Wang et al. 2018b).

Projected Benefits

The ability to easily obtain different types of information from the human 
body—from movements and vital signs to organ conditions and brain 
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 activity—could enable a number of improvements in 
people’s life and health.

Ubiquitous and Precision Health Care
Continuous access to complex and rapidly changing 
health data (e.g., body temperature, blood pressure, 
breathing rate, perspiration composition) can enable 
constant monitoring of health conditions, early diag-
nosis of diseases, and preventive and point-of-care 
treatments. Moreover, the accumulated big data of an 
individual’s health history can provide a record and 
understanding of health characteristics to support pre-
cision medicine.

Deeper Understanding of Human Biology
With the technological feasibility of high spatio-
temporal resolutions, it will be possible to decipher 
mysterious biological mechanisms of the body in both 
healthy and diseased states. In particular, important 
discoveries can be made about pathogenic causes of 
complicated diseases to guide the development of more 
effective treatment methods.

Remote Physical Interactions
The major challenge in current remote communication 
approaches and face-to-face interactions is the lack of 
direct physical interaction. In the future, the develop-
ment of electronics for collecting physical information 
in real time could add this missing piece to communica-

tion technology, so that a “hand-
shake” can happen between two 
persons at different locations 
and physical therapies can be 
carried out remotely.

Technological Challenges

To achieve the collection of 
high-fidelity, stable, and multi-
type information about an indi-
vidual’s physical health over a 
long period, electronic devices 
need to have a suite of proper-
ties that enable conformable 
attachment, minimal side effects, 
and long-term function. Not-
withstanding some groundbreak-
ing efforts, significant research 
and development progress are 
 needed in the following areas.

Fundamental Understanding of Material-Biology 
Interfaces
For the relatively simple scenario of interfacing elec-
tronics on the body (i.e., on the skin), it is generally 
understood that the matching of mechanical properties 
is the primary requirement for electronics. However, for 
the more complicated case of implanted elec tronics, 
systematic studies and knowledge are still largely 
lacking about the relationships between electronic 
materials’ physicochemical properties and long-term 
biocompatibility.

Generation of New Electronic Materials
The large variety of electronic devices (e.g., transistors, 
light-emitting diodes, biosensors, actuators) are built on 
different functional properties of materials. Although 
some successes have been achieved for combining cer-
tain electronic functions (e.g., semiconducting and 
conducting properties) with biocompatible form factors 
(Kayser and Lipomi 2019; Xu et al. 2017), new material 
designs must be created for the effective integration of 
the rest of the functional properties.

Because biological tissues are primarily composed 
of biopolymers, polymers are the most favorable mate-
rial family for achieving the desired bio compatibility. 
To realize advanced functions, polymers with bio-
compatible designs will have to provide functional 
properties on par with their rigid counterparts.

FIGURE 1 Building the nexus between electronics and the human body, as the technological 
basis for the future of information technology: areas of technological challenges and application 
impacts.
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New Device Designs and Fabrication Methods
Operations on or in the human body and uses of new 
classes of materials may exclude the use of many exist-
ing device designs for certain applications. Thus, new 
device designs—and even new working principles—are 
needed to ensure desired performance with the simplest 
device and system architectures possible.

Devices need to be designed to perform reliably, 
undistorted by the body’s mechanical and chemical 
conditions. And for the new class of electronic mate-
rials, fabrication methods (Kaltenbrunner et al. 2013; 
Wang et al. 2018a) need to move away from microfab-
rication for silicon electronics and to confer large-area 
scalability, low cost, and batch-to-batch uniformity.

Sustainable and Biocompatible Power Sources
As an integral part of electronic systems, power sources 
must have biocompatible properties. Batteries (Liu et al. 
2017; Xu et al. 2013) need to be stretchable and made 
of nontoxic chemicals, while still providing enough 
energy density.

With the very limited options of recharging or replac-
ing batteries, on-body generation of electricity through 
energy harvesting will be needed (Jiang et al. 2020). 
Efficiencies and power outputs need to satisfy power 
requirements by functional modules.

The possible impacts of energy harvesting on bio-
logical processes over the long term need to be carefully 
studied as well.

High-Throughput and Trainable Data Processing
To make full use of continuously produced, large-quan-
tity health data from each individual, artificial intel-
ligence (AI) needs to be built into data-processing 
algorithms. For faster speed and better reliability, such AI 
algorithms should be implemented by human-compat-
ible computational chips, which require development 
based on emerging architectures (e.g., neuromorphics) 
that are especially efficient for AI (Burr et al. 2017; van 
de Burgt et al. 2018).

System-Level Integration Strategies
For different functional modules (e.g., sensing, data con-
ditioning and computation, wireless communications) 
in fully integrated electronics for acquiring information 
from the body, application-specific requirements for the 
performance parameters (e.g., speed, bandwidth,  energy 
consumption) must be clearly defined. In particular, 
notwithstanding substantial research progress in the use 

of both conventional inorganic materials and emerging 
functional polymers to build human-integrated elec-
tronics, their overall suitableness for different functions 
is still unclear.

Societal and Cultural Challenges

It won’t be trivial to persuade people to accept the long-
term attachment or implantation of electronics to or in 
their body to acquire information. It will be essential 
to clearly communicate the benefits of accessing the 
information. 

In addition, the best approaches for using this previ-
ously unavailable health data need to be studied and 
guidelines established for the use of these data. Proto-
cols for protecting the privacy and security of the data 
will be critically important. Not least, the public needs 
to be better informed about science and technology, to 
allay fears and misconceptions about technology.

Perspective for the Future

Human-integrated electronics are likely to become an 
important part of the electronics and health industries 
over the next 50 years. Wearable electronics alone are 
projected to have a market value of about $150 billion 
by 2026 (Hayward et al. 2016).

The successful commercialization of new types of 
electronics with novel applications for the human body 
can be expected to significantly enhance quality of life 
and increase lifespan. The path to get there requires 
deep collaborations between academia, industry, and 
government.

References

Burr GW, Shelby RM, Sebastian A, Kim S, Kim S, Sidler 
S, Virwani K, Ishii M, Narayanan P, Fumarola A, and 7 
 others. 2017. Neuromorphic computing using non-volatile 
memory. Advances in Physics-X  2(1):89–124.

Chu B, Burnett W, Chung JW, Bao Z. 2017. Bring on the 
bodyNET. Nature 549:328–30.

Protocols for protecting  
the privacy and security  

of personal physical data  
will be critically important. 



The
BRIDGE160

Hayward J, Chansin G, Zervos H. 2016. Wearable technology 
2016-2026: Markets, players, and 10-year forecasts. Boston: 
IDTechEx.

Jiang DJ, Shi BJ, Ouyang H, Fan YB, Wang ZL, Li Z. 2020. 
Emerging implantable energy harvesters and self-powered 
implantable medical electronics. ACS Nano 14:6436–48.

Kaltenbrunner M, Sekitani T, Reeder J, Yokota T, Kuribara 
K, Tokuhara T, Drack M, Schwodiauer R, Graz I, Bauer- 
Gogonea S, and 2 others. 2013. An ultra-lightweight design 
for imperceptible plastic electronics. Nature 499:458–63.

Kayser LV, Lipomi DJ. 2019. Stretchable conductive poly-
mers and composites based on PEDOT and PEDOT:PSS. 
Advanced Materials 31:1806133.

Kim D, Lu N, Ma R, Kim YS, Kim RH, Wang S, Wu J, Won 
SM, Tao H, Islam A, and 15 others. 2011. Epidermal elec-
tronics. Science 333:838–43.

Liu W, Song MS, Kong B, Cui Y. 2017. Flexible and stretch-
able energy storage: Recent advances and future perspec-
tives. Advanced Materials 29:1603436.

Ray TR, Choi J, Bandodkar AJ, Krishnan S, Gutruf P, Tian 
L, Ghaffari R, Rogers JA. 2019. Bio-integrated wearable 
systems: A comprehensive review. Chemical Reviews 
119(8):5461–33.

Someya T, Bao Z, Malliaras GM. 2016. The rise of plastic 
bioelectronics. Nature 540(7633):379–85.

van de Burgt Y, Melianas A, Keene ST, Malliaras G, Salleo 
A. 2018. Organic electronics for neuromorphic computing. 
Nature Electronics 1:386–97.

Wang S, Xu J, Wang W, Wang GJN, Rastak R, Molina-Lopez 
F, Chung JW, Niu S, Feig VR, Lopez J, and 10 others. 
2018a. Skin electronics from scalable fabrication of an 
intrinsically stretchable transistor array. Nature 555:83–88.

Wang S, Oh JY, Xu J, Tran H, Bao Z. 2018b. Skin-inspired 
electronics: An emerging paradigm. Accounts of Chemical 
Research 51:1033–45.

Xu S, Zhang Y, Cho J, Lee J, Huang X, Jia L, Fan JA, Su YW, 
Su J, Zhang H, and 14 others. 2013. Stretchable batteries 
with self-similar serpentine interconnects and integrated 
wireless recharging systems. Nature Communications 
4:1543.

Xu J, Wang S, Wang GJN, Zhu C, Luo S, Jin L, Gu X, Chen 
S, Feig VR, To JWF, and 17 others. 2017. Highly stretch-
able polymer semiconductor films through the nano-
confinement effect. Science 355:59–64.



The
BRIDGE
National Academy of Engineering
2101 Constitution Avenue NW
Washington, DC 20418

T
he BR

ID
G

E   50th A
nniversary Issue                          

2020 N
ational A

cadem
y of Engineering

https://www.nationalacademies.org/

	Cover
	Table of Contents
	Editors’ Note: Bridges to the Future
	Foreword: A Special 50th Anniversary Issue
	President’s Perspective: Unintended Consequences
	Features
	Keynote: Temptations of Technocracy in the Century of Engineering
	Healthy Buildings in 2070
	Bringing Space Down to Earth
	What Are We Waiting For? Lessons from Covid-19 about Climate Change
	Imperatives for the Web: Broad Societal Needs
	The Future of Artificial Intelligence
	Organizing Academic Engineering for Leading in an Entangled World
	Empowering Future Engineers with Ethical Thinking
	Imagining the Future of Vaccine Development
	Innovation Campuses: Graduate Education Spurring Talent and the Tech Economy
	Virtual Reality 2070: Vision and Challenges
	Strengthen Innovation and Inclusion by Bringing Opportunity to Talent
	Circular Fashion 2070: Clothing and Textile Cycles, Systems, and Services
	Projected Applications of the Laser in the 21st Century
	Nuclear Salvation
	Applying Engineering Systems Thinking to Benefit Public Policy
	Engineering and the Elixir of Life
	Engineering Financial Markets?
	The Future of Quantum Computing Research
	The Future of Voting
	Consciousness and Convergence: Physics of Life at the Nanoscale
	Expanding Engagement in STEM
	Incorporating the Arts to Create Technical Leaders of the Future
	Peace Engineering
	Engineering Interventions to Reduce Plastic in the Environment
	Precision Medicine in Cardiology through Research, Innovation, and Intellectual Property
	Accelerating Innovation in the Water Sector to Meet Future Demands
	Artificial Intelligence: From Ancient Greeks to Self-Driving Cars and Beyond
	The Role of Technical Standards in Enabling the Future
	Accelerating Growth of Solar Energy
	Digital Manufacturing: Breaking the Mold
	Inventing the Future
	A New Categorical Imperative
	Future of Weather Forecasting
	Inclusive Human-Centered Machine Intelligence
	Reimagining Government and Markets
	Confronting the Societal Implications of AI Systems: Leading Questions
	Moving Toward 20/20 Foresight
	Lessons Future Technologies Should Heed from the Past
	Living, Sensing, Learning: Next-Generation Bioinspired Building Materials
	Entering the Solar Era: The Next 50 Years of Energy Generation
	Catalysis and the Future of Transportation Fuels
	Understanding Uncertainty, Context, and Human Cognition: Necessary Conditions for Safe Autonomy
	Space Launch in 50 Years: Abundance at Last?
	Predicted Advances in the Design of New Materials
	The Role of Engineering and Technology in Agriculture
	Beyond Engineering for Sustainable Global Development
	Building the Nexus Between Electronics and the Human Body for Enhanced Health
	Desalination Innovations Needed to Ensure Clean Water for the Next 50 Years
	Future Directions for Cybersecurity Policy




