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Surface acoustic wave 

sensor for detection of 

biological pathogens in 

fluids

Digital Scents

Creativity Killers:

“What use could the company make of an electric toy?”

- Western Union, turned down rights to the telephone in 1878

“Who the hell wants to hear actors talk?"

- Harry M. Warner, Warner Bros Pictures, 1927

On usable RAM limit: "640K ought to be enough for anybody."

- Bill Gates, 1981

Innovation:

“If you always do what you always did, you will always get what you 

always got.” 

- Albert Einstein

“Two roads diverged in a wood, and I took the one less traveled by 

and that has made all the difference.” 

- Robert Frost
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Distributed Sensor Networks for 

Structural Health Monitoring 

• Remotely monitored 

sensors allow for 

condition-based 

maintenance

• Automatically process 

data, assess structural 

condition, & signal need 

for maintenance actions

Smart Structures: include in-situ distributed sensors 
for real- time health monitoring; ensure integrity 
with minimal need for human intervention
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Structural Health Monitoring Dates Back Many Years

Definition is somewhat 

agreed upon.  Usage 

and deployment covers 

a wide range of 

thoughts and options.
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Nondestructive Inspection (NDI) – examination of a material to 
determine geometry, damage, or composition by using technology that 
does not affect its future usefulness 

• High degree of human interaction

• Local, focused inspections

• Requires access to area of interest (applied at select intervals)

Structural Health Monitoring (SHM) – “Smart Structures;” use of 
NDI principles coupled with in-situ sensing to allow for rapid, remote, 
and real-time condition assessments (flaw detection); goal is to reduce 
operational costs and increase lifetime of structures

• Greater vigilance in key areas – address DTA needs

• Overcome accessibility limitations, complex geometries, depth 
of hidden damage

• Eliminate costly & potentially damaging disassembly

• Minimize human factors with automated data analysis

NDI vs. SHM – Definition
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The Trouble with Math or…..

How do we calculate Damage Tolerance ??

Difficulty in loads assignment, stress and fatigue calculations produces 

demands on NDI - “You want me to find a flaw where, and how small??”

Difficult Conditions

Lots of Rapid Data 

Interpretation
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Near-Term

• Elimination of costly & potentially damaging structural disassembly

• Reduced operating and maintenance costs

• Detection of blunt impact events occurring during normal airplane 

operations

• Reduction of inspection time

• Overcome accessibility & depth of flaw impediments

• Early flaw detection to enhance safety and allow for less drastic and 

less costly repairs

• Minimized human factors concerns due to automated, uniform 

deployment of SHM sensors (improved sensitivity)

• Increased vigilance with respect to flaw onset

Benefits of SHM

Long Term

• Optimized structural efficiency

• New design philosophies (SHM designed into the structure) 

• Weight savings

• Substitution of condition-based maintenance for current time-based 

maintenance practices
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Prognostic Health Management

Structural Health Monitoring 

Structural

Damage Sensing

(in-situ NDI)

Structural Models

and

Analyses

Loads

and

Environmental

Monitoring

Reasoner Structural Health
SHM for:

• Flaw detection

• Flaw location

• Flaw characterization

• Condition Based Maintenance
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SHM Impediments & Challenges

• Cost of sensors and sensor systems and airworthiness requirements

• Ease of use and coverage area - small-scale damage must be detected in 

large-scale structures

• Time for after-market installations - inconvenient MTC visits

• Need for rapid customization of sensors

• Need for substantial business case (cost-benefit analysis) – operators 

must realize benefits of multi-use

• Who own’s technology? (centralized OEM approach may be best/safest)

• Validation activities – reliability of SHM systems must be demonstrated

• Validation activities – field trials on operating aircraft is necessary but time 

consuming

• Certification – need to streamline specific applications; technical, 

educational and procedural initiative (OEMs, operators, regulators)

• Standardization needed for validation and certification activities

• Implementation requires changes in maintenance programs
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Is Structural Health Monitoring a

Viable Alternative Today? 

• Evolution of miniaturized sensors & supporting technology

• Design of turnkey systems with reasonable costs

• Ability to monitor new & unexpected phenomena (new inspection 
needs; DTA and rapid flaw growth)

• Promise for technical & economic gains more clearly defined

• OEM willingness to explore SHM merits

• Long-term prognosis -

 Complete health assessment with network of SHM “nerves”

 Automated data transmission (real-time monitoring; alarms)

 Embedded sensors (MEMS)

 Improved diagnostics using neural networks (historical data)

 Direct ties to maintenance planning and actions

 Reduction in life-cycle costs
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Cumulative Environmental 

Corrosion Sensor

SMARTape Membrane 

Deformation Sensor

Direct 

Measurements 

Strain Sensor

Flexible Eddy Current 

Array Probe

Vibro Fibre SHM Sensor

Comparative Vacuum Monitoring Sensor

Sampling of SHM Sensors
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Synopsis of SHM Validation/Utilization Programs 

Supporting Safe Adoption of SHM Systems

General 

SHM 

Validation

• Assess performance for 

fuselage applications

• Lab & field testing

• CVM adoption into Boeing 

NDT Standard Practices 

Manual

F
A

A SHM R&D 

Roadmap

• Industry survey

• SHM TRL assessment

• Industry perspectives

• Validation methodology

• Considerations for regulatory 

guidance

F
A

A

SHM Certification & 

Adoption by Airlines

• Specific CVM application

• Joint with FAA, Sandia Labs, 

Delta Air Lines & Boeing

• Formal validation & flight tests

• CVM added to NDT Manual

• SB released – first routine use of 

SHM

F
A

A

2005                                         2008                                              2010

SHM for Aft Pressure BulkheadBoeing

Certification for 

Families of SHM

• CVM & PZT usage over 

range of A/C applications

• Quantify performance

• Use approval via SBs

• ANAC & FAA interface

E
m

b
ra

e
r

SHM for 

Rotorcraft

• Validation of local & global 

SHM approach

• Process for routine use

• Integration into rotor maint.

• Mock certification with FAA

• Integration into HUMS

F
A

A

2012                                             2014                                           2016

SHM for 

Commuter

Aircraft

• Trial on known damage prone 

area

• Successful detection on-

aircraft

• Transport Canada participation

• Assess repair as-needed

F
A

A

2005                                         2008

2012                                             2014

2005

2012
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SHM Survey of Aviation Industry

Maintainers

Aerotechnics Inc

Air New Zealand

China Airlines

Christchurch Engine Centre

Fokker Aircraft Services B.V.

Fuji Heavy Industries, Ltd.

Jazz Air LTD

Lufthansa Technik AG

NASA

Olympic Airways Services 

S.A.

SAA Technologies

SR Technics Switzerland LTD

Texas Aero Engine Services

Timco / GSO

United Airlines

USAF

US Army

USCG

US Navy

Owners/Operators OEMs Regulators

All Nippon Airways

American Airlines

Austrian Air Force

China Airlines

Continental 

Airlines

Delta Air Lines

Federal Express

Finnair

Hawaiian Airlines

Japan Airlines

Jazz Airlines

Jet Blue Airways

Kalitta Air LLC

NASA

Qantas Airways

Singapore Airlines

Swiss Air

United Airlines

US Airways

USAF

US Army

USCG

US Navy

Airbus

Astronics-Adv. Electronic 

Systems

Avensys Inc.

BAE systems

Bell Helicopter Textron

Boeing

Bombardier Aerospace

Cessna Aircraft Company

Dassault Aviation

EADS Military Air Systems

Embraer

Goodrich

Honeywell

Lockheed Martin Aeronautics

Messier-Dowty

Mistras Group, Inc

Polskie Zaklady Lotnicze Sp. 

PZL Swidnik

Rolls-Royce Corp

Systems & Electronics, Inc.

TecScan

Air Transport 

Association

CAA - NL

CAA - Bra

EASA

FAA

NAVAIR

NAWCAD

Transport Canada 

(TCCA)

USAF

US Army

USCG

US Navy

Over 450 responses from OEMs, regulators, 

operators, and research organizations.
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SHM Survey Results – Viability & Airline/OEM Usage

Viability of Using SHM as an 

Alternative Solution to NDT

• 55% of aircraft operators, maintainers, and military personnel say 

that 5 years is a reasonable payback period for recouping the cost 

associated with using an SHM system

• 31% say 2 years is reasonable

Does the sensor have a fail-

safe feature which will prevent 

the acquisition of faulty data 

from a damaged or failed 

sensor?

52% Yes

48% No Does the system 

contain a built-in self-

diagnostic capability

to automatically 

interpret the data?

60% Yes

40% No
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Fuselage Doors

Fuselage Cutouts

Fuselage Keel Beams

Substructure

Empennage

Wings Skin

Landing Gear

Fuselage Skin

Main Attachments

Wings Ribs and Spar

Fuselage Frames and Stringers

Fuselage Pressure Bulkheads

Nonstructural Systems

Power Train

Other (Specify)

None

Wings Other

Rotor Systems

Control surfaces

Engines

Fuselage Other

Wing Planks

Number of Responses

Areas Respondents Feel SHM Solutions are Viable

Over 200 applications listed

Sensor development agrees –

both metals and composites
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Aerospace Industry Steering Committee on

Structural Health Monitoring (AISC SHM)

First meeting of AISC-SHM

Stanford University

Palo Alto, CA

October 2006

20th meeting of AISC-SHM

OGMA MRO

Lisbon, Portugal

April 2016
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ARP – Guidelines for SHM Implementation

 The mission of the AISC-SHM is to provide 
an approach for standardizing integration 
and certification requirements for SHM of 
aerospace structures, which will include 
system maturation, maintenance, 
validation and introduction into accepted 
maintenance practices.

 The focus is the development of cross-
industry guidebooks describing 
approaches to safely deploy SHM systems 
on fixed wing aircraft and rotorcraft and 
guidelines for the proper validation and 
certification of SHM solutions.

 SAE International Aerospace 

Recommended Practices document: 

ARP6461 “Guidelines on the 

Implementation of Structural Health 

Monitoring on Fixed Wing Aircraft” 

(September 2013)
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SHM Information – Minimize
Intrepretation or Data Analysis

dCVM threshold value 

used for crack detection
PZT threshold value used 

for damage detection

• Automated data analysis is the objective – produce a “Green 

Light – Red Light” approach to damage detection

• Final assessment and interpretation by trained NDI personnel

A = Sensor Response to Crack  

(flaw signal)

B = Sensor Response at    

Uncracked Region

.580” Lift-off

Noise 1% FSH

A

B

.580” Lift-off

70% FSH

+14.5 dB
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Disbond Detection & Growth Monitoring

with Piezoelectric Sensors

Pull tab flawAfter mold release flaw growth
(50 KHz inspection)
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• Sensors contain fine channels - vacuum is applied to embedded 

galleries (crack detection < 0.1” for alum. < 0.1” th.)

• Leakage path produces a measurable change in the vacuum level

• Doesn’t require electrical excitation or couplant/contact

Comparative Vacuum Monitoring System

CVM Sensor Adjacent to 
Crack Initiation Site 
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No Crack (vacuum achieved)
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Inspect in 

the radius

CVM Success on CRJ Aircraft

Pilot program with Bombardier and Air Canada

Sensor Issues:

• Design

• Surface 

preparation

• Access

• Connection

• Quality control

Aft Equipment Bay
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CVM - Quantified Probability of Crack 

Detection for a Range of Variables

Test Scenarios:

Material Thickness Coating

2024-T3                0.040”          bare

2024-T3                0.040”        primer

2024-T3                0.071”        primer

2024-T3                0.100”         bare

2024-T3                0.100”        primer

7075-T6                0.040”        primer

7075-T6                0.071”        primer

7075-T6                0.100”        primer

Cumulative Distribution Function Detectable Flaw Lengths - 

with 95% bounds - 0.040 inch Primer Panels

0.00
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0.20

0.30

0.40
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flaw length (inch)
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POD

95% bound

POD Maximum 
Likelihood Estimate

POD Uncertainty – 95% 
Confidence Bound

Cumulative Distribution Function of Detectable

Flaw Lengths (0.040” th. primer panels)
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Alternate Means of 

Compliance with Current 

Visual Inspection Practice

CVM Sensor Network Applied to

737 Wing Box Fittings 



FAA William J. Hughes
Technical Center

737NG Center Wing Box – CVM Performance Tests
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737NG Center Wing Box – Accumulating Successful Flight History

Access to SLS Connectors Through 
Forward  Baggage Compartment

Removal of Baggage Liner to Access 4 SLS Connectors Mounted to Bulkhead 

Aircraft Parked at Gate After Final Flight of the Day



FAA William J. Hughes
Technical Center

737NG Center Wing Box – CVM Sensor Monitoring

Connecting SLS Leads and Running PM-200 to Monitoring Device to Check Sensor Network

Logging Inspection Completion at Aircraft Gate

AC3601 Sensor CVM Readings
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737 NDT Manual - New SHM Chapter Published (Nov 2015) 

Building Block to Approval for Routine Use of SHM

PART 05 – STRUCTURAL HEALTH MONITORING
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737 NDT Manual – CVM Procedure Added
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Installation Instructions

737 NDT Manual – CVM Installation Instructions Added (Jan 2016) 

Part 5, 57-10-01 Installation instruction  R1.pdf
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Boeing Service Bulletin – Modification to
Allow for Routine Use of SHM Solution (June 2016)
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• Overall, there is a strong interest in SHM – multitude of applications 

covering all aircraft structural, engine, and systems areas

• Industry’s main concern with implementing SHM on aircraft is achieving a 

positive cost-benefit & time to obtain approval for SHM usage

• Research and development efforts should be focused on: global systems, 

sensor technology, system validation and integration, and regulatory 

guidance

• Standardization and guidelines  are needed in certification, laboratory and 

field validation, and sensor design with aviation in mind

• SHM will run in parallel with current NDI inspections for a period of time –

accumulation of successful flight history will mitigate/eliminate this

• Industry would use SHM to detect cracks, delaminations, disbonds, 

corrosion and impact among others

• There is a wide variety of SHM sensors currently developed that have 

shown potential in aircraft applications.  SHM maturity has grown 

exponentially so desired usage and need for certification is expected to 

rise rapidly.

Overview of SHM Readiness

SHM is the next level of NDT = it’s coming soon
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Structural Health Monitoring for Aircraft:

Viable Inspection Tool or Passing Fancy?

Questions?
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