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Outline

Current state and remaining challenges in wearable sensors

Value of high-performance sensors 

Examples of GE advances:

Multiparameter gas sensing  

Physiological sensing

Biological sensing

Future developments
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I like my mobile phone

✓ Microphone / speaker

✓ Touch screen

✓ Screen orientation

✓ GPS

✓ Weather 

✓ Air pollution

✓ Etc….

Use of internal sensors

Display of readings of other sensors

Reliable sensors on board, 

wireless connectivity to reliable knowledge
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www.knowles.com

Microphones

www.nxp.com

Accelerometers

Pressure sensors

www.st.com

Compasses

www.st.com

Gyroscopes

www.bosch-sensortec.com

Examples of sensors 
with annual sales of billions of units Smart strategies for smart sensors,  Market 

Analysis, Roland Berger GMBH, 2017

J. Bryzek, Roadmap for the Trillion Sensor 

Universe, 2013
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High sensor reliability leads to demand of billions of sensors per year

Physical sensors for mobile applications
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I like my wearable heart rate monitor

Garmin 
Forerunner 235

Apple 
Watch

Great gadgets to motivate me 

to do workout… 

amazon.com
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Garmin 
Forerunner 235

Apple 
Watch

Great gadgets to motivate me 

to do workout… 

The Struggle for Accurate 
Measurements on Your 
Wrist
R. Metz, MIT Technology Review, 2015

For The Wearable Revolution To 
Take Off, Accuracy Must Improve
CVC, Inside Activity Tracking, 2013

Real world wrist-based 
heart rate monitor test: 
Are they accurate enough?
S. Richmond, Wareable, 2015

Fitness Wearables      
Lack Accuracy

C.Van Hoof, EE Times, 2014

http://www.insideactivitytracking.com/tracking-accurately-how-is-it-done-why-is-it-difficult/ http://www.eetimes.com/author.asp?section_id=36&doc_id=1321976

https://www.technologyreview.com/s/538416/the-struggle-for-accurate-measurements-on-your-wrist/ http://www.wareable.com/fitness-trackers/heart-rate-monitor-accurate-comparison-wrist

amazon.com

The remaining challenge in wearable sensors:
“For the wearable revolution to take off, accuracy must improve”

I like my wearable heart rate monitor
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good

marginal

poor

Accuracy

Benchmark instrument

S
e
n
s
o
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Accuracy: 
Correlation between benchmark instruments and new sensors

Good Marginal Poor
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amazon.com

Polar H7
chest strap

Garmin 
Forerunner 235

Apple 
Watch

Etiwy et al., Accuracy of wearable heart rate monitors in cardiac rehabilitation, Cardiovasc. Diagn. Ther. 2019, 9, 262-271

Value                                          
of high-performance sensors:

•Reliable detection of undesired 
conditions 

•More convenient and effective 
screening and diagnosis

•More effective clinical research

•All – at cost-effective solutions

Accuracy demands in wearable sensors
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Silver nanowire wearable 
sensors match hospital 
‘wet electrode’ accuracy

J. Ford, The Engineer, 2015

More accurate readings 
without the goop

Y. Zhu, NC State Engineering FALL/WINTER, 2015

https://news.engr.ncsu.edu/2015/10/more-accurate-readings-without-the-

goop/

http://www.theengineer.co.uk/silver-nanowire-wearable-sensors-match-

hospital-wet-electrode-accuracy/

2018

https://www.forbes.com/sites/jeanbaptiste/2018/09/14/apple-watch-4-is-now-an-fda-

class-2-medical-device-detects-falls-irregular-heart-rhythm/#3513aae82071

The wearable revolution took off because of the improved  accuracy

Accuracy demands in wearable sensors
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Air Sensor Guidebook, EPA/600/R-14/159 June 2014 www.epa.gov/ord

Air quality index of ambient air:  accepted metric

Display of readings of other sensors
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Important health-related volatiles: outdoor and indoor environments
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Risks from: Loh et al., 

Environmental Health 

Perspectives, 2007, 115, 

1160-1168

TLV (Threshold Limit 

Values) from: 

Permissible Exposure 

Limits / OSHA

Indoor volatiles of importanceMajor outdoor volatile pollutants 

Ozone < 0.1 ppm

Nitrogen dioxide < 0.2 ppm

Sulfur dioxide < 0.2 ppm

Carbon monoxide <30 ppm

Brunekreef, Holgate, Lancet 2002, 360, 1233–1242

who.int/ceh/capacity/Outdoor_air_pollution.pdf

euro.who.int/document/e71922.pdf

who.int/airpollution/ambient/pollutants/en/

• Some volatiles are much more toxic than others

•Toxic volatiles often are at much lower levels than benign volatiles

•Need to detect toxic volatiles in complex background of benign volatiles
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Air quality index:
determined from measurements by high performance instruments

UV absorption Non-dispersive IR UV fluorescence Chemiluminescence 

Technical Assistance Document for the Reporting of Daily Air Quality – the Air Quality Index 

(AQI). US EPA Office of Air Quality Planning and Standards. EPA-454/B-09-001, 2009

Revised Air Quality Standards For Particle Pollution And Updates To The Air Quality Index 

(AQI). US EPA Office of Air Quality Planning and Standards. 2013

Reference and Equivalent Methods Used to Measure National Ambient Air Quality Standards 

(NAAQS) Criteria Air Pollutants – Vol. 1, EPA/600/R-16/139, 2016

https://blog.aclima.io

https://uk-air.defra.gov.uk
http://eis-me.com

Examples 
of field-deployed 

monitoring 
solutions

Traditional analytical instruments are used for required high-quality measurements
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Diverse instrument-design rules to operate in complex conditions

https://alliedscientificpro.com

Mass spectrometry

May 28, 2018

Gas chromatography

Qin, Gianchandani, 

Microsyst. Nanoeng. 2016

Laser spectroscopy

* Cross-flow modulated semi-
decompression chemiluminescence 

Chemiluminescence * UV fluorescence

Design principles of high performance analytical instruments:
Diverse designs to reject known and unknown interferences

Reference and Equivalent Methods Used to Measure National Ambient Air Quality Standards (NAAQS) 

Criteria Air Pollutants – Vol. 1, EPA/600/R-16/139, 2016

R
e
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 #

1

Gas 1

Gas 2

Gas 3

http://www.yalescientific.org

Traditional analytical 
instrument

Complex 
Chemical

mix
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Current state-of-the-art in gas sensing

“Simple sensors perform best when pollution levels are high 

and when the compound of interest swamps others”       

Lewis, Edwards, Nature 2016

https://www.treehugger.com

2009 2019

https://www.itri.org.tw/eng/

✓Miniaturization 

✓Packaging

✓Reduced power

https://www.catphones.com

2005
Expo at TRANSDUCERS’05,  S.Korea

2018

Conventional sensors: single-output devices for expected gases

US Pat. 3092799, 1963US Pat. 2047638, 1936

Polymeric blends 
for humidity

US Pat. 3644795  1972

Metal oxides for
diverse gases

Catalysts for  
combustible gases

alphasense.com

figaro.com

sgxsensortech.com
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Gas cross-sensitivity: 
undesired response to interfering gases
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Examples + learnings: gas cross-sensitivity of existing sensors

CO conc. by reference (ppm)
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Hagler et al., Atmospheric Meas. Tech. 2016, 9, 5281 Peterson et al., Sensors 2017, 17, 1653Bart et al., Environ. Sci. Technol. 2014, 48, 3970

Ozone O3 Carbon monoxide CO Nitrogen dioxide NO2 Sulfur dioxide SO2

SO2 conc. by reference (ppb)
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Borrego et al., Atmospheric Environment 2016, 147, 246

0 0.

5

1

0

0.5

1

For gas sensors revolution to take off, accuracy must improve

ehstoday.com/sponsored/understanding-cross-sensitivities-can-help-keep-workers-safer
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Conventional 
single-output sensor

Gas 1
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GE Vision: Boosting dimensionality of sensor response
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Conventional 
single-output sensor
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GE Vision: Boosting dimensionality of sensor response

• Electrical modulation
• Optical modulation

Types 
of independent variables
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Our roadmap: electromagnetic multivariable sensors

Radio 
frequencies

Microwave 
frequencies

Optical 
frequencies

Excitation 
hardware

Sensor 
element

Data 
analytics

Excitation
methodology

R
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Gas 1

Gas 2

Gas 3

http://www.yalescientific.org

Example of GE 
multivariable sensor

Complex 
Chemical

mix
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Present developments in gas sensing: Data analytics
a.k.a. chemometrics, multivariate statistics, machine learning (ML)

• Support Vector Machines (SVM)

• Principal component analysis (PCA)

• Hierarchical cluster analysis (HCA) 

• Discriminant Analysis (DA)

• Artificial Neural Network (ANN)

• Independent Component Analysis (ICA)

• Partial least squares (PLS) regression

• Principal Component Regression (PCR)

• New tools for boosting sensor stability

R. A. Potyrailo, Multivariable sensors for ubiquitous monitoring 

of gases in the era of Internet of Things and Industrial Internet, 

Chem. Rev. 2016, 116, 11877–11923

Examples of GE Research tools

Andreu-Perez et al., 

IEEE Trans. Biomed. Eng. 

2015

Wikipedia.org

Tools for sensor data processing Tools for diverse applications

Appropriate sensor + appropriate data analytics = high performance sensing
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Research

GE
Businesses, 

External 
partners

Idea/discovery      Feasibility      Tech transfer       NPI Product maturity

Our industrial R&D goal:
Develop technologies with new capabilities, transition for commercialization

TRL = technology readiness level

NPI = new product introduction

CommercializationEarly TRL research
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Research

GE
Businesses, 

External 
partners

Idea/discovery      Feasibility      Tech transfer       NPI Product maturity

Our industrial R&D goal:
Develop technologies with new capabilities, transition for commercialization

TRL = technology readiness level

NPI = new product introduction

MULTI-ION  WATER SENSORS

2011

RF MULTIPARAMETER 
OIL SENSOR2017

CommercializationEarly TRL research

2014
GE Ventures START-UP
RF MULTI-GAS SENSORS

2019

WIRELESS MULTIPARAMETER 
GAS SENSOR NETWORKS
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High performance sensing = appropriate sensor + appropriate data analytics
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Potyrailo, Chem. Soc. Rev. 2017

Immunity to interferences by applying new sensing philosophy
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Wearable physiological sensor components for gas sensing
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Rejection of humidity on par with more bulky multivariable sensor systems

Potyrailo et al, submitted to USPTO, 2019
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FS = nonafluorohexyl-trimethoxysilane
QCM = quartz crystal microbalance
MOS = metal oxide semiconductor

Single multivariable sensor outperforms sensor arrays

Potyrailo et al.  

Nature Communications   

2015
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Sensor stability boost:
using new machine learning (ML) tools
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New ML

Conventional ML

Classic vs GE ML to predict sensor response in the presence of drift

Potyrailo et al, NETL-DOE SOFC 
Project Review Meeting 2018
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Fusion of high-performance gas and physiological sensors:
new valuable capabilities 
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Potyrailo et al., 2019

Graphic: GE Research
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Toward prediction of undesirable human conditions

Graphic: GE Research

• Neural (N)

• Respiratory (R)

• Circulatory (C)

• Metabolic (M)

Physiological 
functions

Potyrailo , et.al.,  2019

All graphics: GE Research

Diverse users of wearable sensors
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Measurement 
Tools

Machine 
Learning 
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Rejection of poor electrode connection and electrode movements in ECG data

R. Potyrailo, A. Obi, 2019

Data points

PC 1 (79.50%)  

Data pointsData points

High quality (clinical) With practical artifacts Artifacts rejected

0 900Data points 0 900Data points 0 900Data points

Simplifying hardware + system with preserved ECG data quality
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Problems with non-contact ECG
• Extreme sensitivity to motion artifacts

• 30 heart beat recovery time after signal loss

• Clothing and subject variability

GE solutions for non-contact ECG
• Eliminated/reduced sensitivity to motion artifacts 

• Signal recovery at next heart beat

• Clothing and subject robustness

Non-contact ECG signal processing and fusion

Multi-electrode design + neuromorphic algorithm = high performance sensing

P. Lorraine, Filed to USPTO
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Reversible biorecognition for 365 bind/release cycles
Toward wearable reversible biosensing: 

Potyrailo et al.  Angew. Chem. Int. Ed.  2015
Thrombin concentrations:  0.5, 1, 2, 4, and 8 nM

Substrate:   Streptavidin Biacore chips 

Chemical deactivation:  50 mM NaOH/1M NaCl

Highly stable binding affinity constant Kd over 365 bind/release cycles, Kd = 2.5 ± 0.1 nM
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Future developments driven by multiple markets

Industrial Safety: $3B   

Health self-monitoring: $15B

Wearable sensors:  $7B (2017) → $24B (2023)

https://www.marketsandmarkets.com/PressReleases/safety-instrumented-system.asp

https://www.prnewswire.com/news-releases/health-self-monitoring-technologies-and-global-markets-300102733.html

https://www.mordorintelligence.com/industry-reports/global-wearable-sensors-market
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Thank you !
Radislav Potyrailo  potyrailo@ge.com 

Hilary Lashley Renison hilary.lashley-renison@ge.com
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