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Figure 7.2 Examples of Events and Considerations at Different Phases of the Design Process Applied from the 
Start and Throughout the Life Cycle of a product.

Charlie Seaton 
had Prototyping 
listed in Phase 2. 
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1. Initial Concept

2. Concept 
Development

3. Large-Scale 
Development

4. Product Definition 
and Certification

5. Production

6. Field Support

Product 
Readiness

Size Scaling and Product Scaling

New Figure 7.2.2.3.1 to be adopted 
for generalized Chapter 7 content

Product Readiness requires the maturity of many 
functional disciplines focused on the needs of a 
specific product (note: small airplanes, eVTOL, and 

other aircraft seek prototype aircraft to ensure customers 
before pursuing rate manufacturing implementation, 

suggesting additional success criteria for Section 7.2.2.3)

Six Stages of Technology Development & Implementation as Focused on a Specific Product 

Size Scaling
Apply information developed at 
a smaller dimensional scale of 
study to predict the behavior at 

a larger, more complex level

Product Scaling
Verify a technology basis in 

a product, linking design 
components, factory process 

cells, maintenance procedures, 
and cost evaluations

Where the ball is 
often dropped 

between developers 
and users

Representative Development 
Application Phase

Production 
Application Phase
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AC 20-107B Outline (2009)

1. Purpose
2. To Whom This AC Applies
3. Cancellation
4. Related Regulations & Guidance
5. General
6. Material and Fabrication Development
7. Proof of Structure – Static
8. Proof of Structure – Fatigue & Damage Tolerance
9. Proof of Structure – Flutter & Other Aeroelastic Instabilities
10. Continued Airworthiness
11. Additional Considerations
Appendix 1.  Applicable Regulations & Relevant Guidance
Appendix 2.  Definitions
Appendix 3.  Change of Composite Material and/or Process

(EASA CS 25.603, AMC No. 1, Para. 9 and No. 2: Change of Material)

AC 20-107A 11 pages 
AC 20-107B 37 pages 

(Subject of Lecture Discussion)
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Para. 8: Proof of Structure – Fatigue/Damage Tolerance

8a. Damage Tolerance    
 Evaluation 
(1) Damage threat assessment 
     (new subsection), cont.
• Note that each Category of Damage

uses appropriate company design criteria 
(see CMH-17, V3/Chap12 for guidelines)

Relationships between categories of 
damage for specific designs are such 
that each may become a design driver but are often 
balanced to ensure safety, minimize 
maintenance costs, reduce structural 
weight and; hence, optimize overall 
product value.

Allowable 
Damage Limit 

(ADL)
Increasing Damage Severity

Ultimate

~ Maximum load 
per lifetime

Design 
Load 
Level

Continued 
safe flight

Limit

Critical Damage 
Threshold 

(CDT)

1.5 Factor 
of Safety

Category 1 Damage: 
BVID, Allowed Mfg. damage

Category 2 Damage: 
VID, damage requiring repair per 

normal inspection process

Category 3 Damage: 
Obvious damage found within a 

few flights of occurrence, 
requiring immediate repair

Category 4 Damage: 
Discrete source damage, 
obvious to flight crew, 

requiring repair after flight

Category 5 Damage: 
Anomalous damage not covered in 

design but known to operations, 
requiring immediate repair
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Sample Cat. 3 or 4 Rationale (Limit Pressure-Load Conditions): A320 Multiple Birdstrike Event

Two Penetrations on Right SideOne Penetration on Left Side Largest Upper Right 
Penetration was 22 
in. Long by 8 in. Wide 

On 19 November 2022 an Airbus A320 (N330NW) being operated by Delta Airlines on a scheduled domestic passenger flight from Atlanta to Omaha as 
DL2295 was descending through 13,000 feet when it struck several large birds, and a sudden depressurization occurred. An emergency was declared, 
and the flight was completed to the intended destination without further event. After landing, an external inspection of the aircraft was made before 
taxiing to the gate. The safety of the flight was not compromised, but substantial structural damage was caused to the airframe. 
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19 November 2022 an Airbus A320 (N330NW) Case Study, continued
Investigation
An Accident Investigation was carried out by the US National Transportation Safety Board (NTSB). The 60-year-old captain had a total of 16,335 
hours flying experience, of which 1,779 hours were on type, and the 37-year-old first officer, who was acting as PF had a total of 660 hours flying 
experience, of which 316 hours were on type.

What Happened
As per the pilots’ statements, as the aircraft passed approximately 13,000 feet, the first officer had routinely begun to slow the aircraft from 310 
KIAS to 250 KIAS. At approximately 290 KIAS, there was what sounded like a large explosion above the first officer’s head. The flight deck 
door blew open, and a panel blew down from the flight deck aft overhead panel area - it was apparent that a rapid decompression had 
occurred. The SCCM immediately shut the flight deck door, but the wind noise was initially extreme and made communication difficult, and the first 
officer experienced “ice cold air pouring into the flight deck from panels above his head”. The descent was continued, and once the aircraft reached 
9,500 feet, the cabin and outside altitudes were roughly the same. An emergency was then declared to ATC, and the flight was cleared to join the 
ILS approach to runway 32L. The first officer continued as PF whilst the captain reviewed related ECAM messages, but these did not require any 
action, and all engine and system indications were normal. The captain spoke with the SCCM and then made a PA advising passengers that there 
was a pressurization problem but the flight would be continuing to a normal approach and landing apart from stopping on the runway to allow an 
external inspection to take place.   

Having stopped on the runway after landing, the airport RFFS inspected the aircraft and advised two bird strike locations: one below the left 
windscreen and another on the lower front right side. The aircraft was then taxied to the gate. After shutdown and passenger disembarkation, 
the crew observed a third strike damage location from the air bridge on the right hand side and near the top of the fuselage. It was 
immediately obvious that all three strikes had penetrated the aircraft skin.
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19 November 2022 an Airbus A320 (N330NW) Case Study, continued
What Happened, continued
A detailed examination of the damage at all three locations found that the airframe damage was “substantial” and involved the stringers and 
frames at all three locations with the size of the skin punctures in total exceeding the size of the pressurization outflow valve. This 
damage was assessed to have “adversely affected the structural strength and pressurization performance and required a major repair”.

Bird remains were retrieved from the damage locations and sent to the Smithsonian Institution’s Laboratory for DNA testing. The bird species involved 
were identified as either Snow Geese or Ross’ Geese, these two species not being distinguishable from each other by the testing. 
According to the FAA, there were no other pilot reports of bird activity in the area on the day of the accident.

The Probable Cause was formally recorded as “multiple bird strikes during descent”.

The Final Report was published on 16 October 2023.

Editor's Note: Reference to the Investigation ‘Docket’, to which a link is provided at the end of the Final Report, was made to 
obtain ancillary information and two illustrations which were not presented in the published Report. 

Reference: 34633.pdf

https://skybrary.aero/sites/default/files/bookshelf/34633.pdf
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Composite Industry Paths to Advanced Product Readiness 

Wednesday 11/13; 10 am-12 pm EST
• FAA Introduction (CMH-17 Knowledge Transfer [Tutorials and Case Studies] 

for Advanced High-Rate Mfg./Product Scaling), Larry Ilcewicz, FAA (20 Minutes)

• Thermoplastic Fuselage Structure Product Readiness, 
Jan Waleson, GKN/Fokker (60 Minutes)

• Technology Development for Hi-Rate Composite Aircraft 
Manufacturing (HiCAM),
Randy Wilkerson, The Boeing Company,  Technical Fellow
Michel van Tooren, Collins Aerospace, Senior Technical Fellow  (40 Minutes)



The information in this presentation is proprietary and confidential and shall not be disclosed to or 

used by a third party unless specifically authorised by GKN Aerospace Services Ltd.

Development of thermoplastic orthogrid fuselage structure

Jan Waleson | November 13, 2024

GKN Fokker Aerospace

“Butt Joint”

Welded joint
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Contents

1. Thermoplastic Orthogrid Fuselage concept

2. Design/manufacturing developments

3. Study and enhancement of damage tolerance

1. AC 20-107B Composite Aircraft Structure

2. Allowed manufacturing defects

3. Impact threats for aft fuselage business jets
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4. Following steps
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1. Thermoplastic Orthogrid Fuselage (1/5)

Go to Insert > Header and Footer to edit this text 3

Precursor of orthogrid structure: 

thermoplastic horizontal stabilizer

2008-2012 TAPAS I project

Orthogrid fuselage panels 

laminate allowables (with FAA) 

Panel stability & large notch tested

2013-2016 TAPAS II project

Double curved aft fuselage 

designed and manufactured

Test of arrest of large notch at NLR

2017-today Customer projects

February 2024
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1. Thermoplastic Orthogrid Fuselage (2/5)

Advanced 

Fiber

Placement

robot
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1. Thermoplastic Orthogrid Fuselage (3/5)

5

Double curved orthogrid structure built from flat pre-forms

Short fiber fillets in “butt joints” mainly loaded in shear 

butt joint

flat 

pre-forms
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1. Thermoplastic Orthogrid Fuselage (4/5)

Go to Insert > Header and Footer to edit this text 6

Conduction welding

to join frame to orthogrid



Proprietary and confidential restrictions on title slide apply throughout this presentation

1. Thermoplastic Orthogrid Fuselage (5/5)

Manufacturing demonstrator

Go to Insert > Header and Footer to edit this text 7
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2. Design/manufacturing developments (1/4)

Qualification of materials (and development of material specifications)

• Guarantee stability of material properties (batch-to-batch variation in all 

production steps)

• Testing of effect of realistic service conditions and environments (humidity, 

de-icing fluids, skydrol/water, jet fuel, paint stripper)

• Development of procurement specifications (also for suppliers of steps in 

supply chain)

• Development of acceptance tests for materials

Go to Insert > Header and Footer to edit this text 8
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2. Design/manufacturing developments (2/4)

Qualification of processes (and development of process specifications)

• Guarantee stability of material properties (throughout subsequent 

manufacturing steps and process windows)

• Establishment of process window, required pre-treatment, and use of 

suitable release agents to guarantee interdiffusion

• Establish effect of surface contaminations

• Validate a process outcome with repeatable good results / consistently safe 

parts

• Establishment of effect of service environment on joint strength and 

durability (humidity, de-icing fluids, skydrol/water, jet fuel, paint stripper, 

frost weathering, thermal cycling, operating temperatures)

Go to Insert > Header and Footer to edit this text 9
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2. Design/manufacturing developments (3/4)

Determining of critical process parameters and plan for process control 

(AMC to CS §25.605)

• Development of monitoring equipment for critical process parameters 

• Development of discriminating in-process tests

Development of Non-Destructive Inspection process (and process 

specification)

• Inventory of manufacturing defects to be detected

• Establishment of (size of) detectable defects

• Establishment of allowed defect sizes

Go to Insert > Header and Footer to edit this text 10
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2. Design/manufacturing developments (4/4)

Development of design guidelines

• Guidelines for skin layup at butt joints, tolerances of pre-forms / tooling, 

gaps at fiber placement

• Approach to cover manufacturing effects, contamination, and allowed 

manufacturing defects in strength analyses

• Approach and design to cover categories of (impact) damage (AC 20-

107B)

Go to Insert > Header and Footer to edit this text 11
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3. Study and enhancement of damage tolerance (1/2)

Check for obstacles to show damage tolerance of integrated design

Go to Insert > Header and Footer to edit this text 12
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3. Study and enhancement of damage tolerance (2/2)

Orthogrid structure is highly integrated (cost-competitive):

• No stress concentrations of bolts at stringer mouse holes of frames

However, since:

• No bolts through skin flanges of stringers and frames that can 

arrest fatigue growth of delaminations in skin-stringer interface

• No stringer flange on skin enhancing arrest of circumferential 

translaminar skin cracks

Special attention for damage tolerance / structural damage capability (SDC)

Go to Insert > Header and Footer to edit this text 13
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Conclusive damage tolerance approach of disruptive design concept is ensured 

by applying damage category concept of AC 20-107B for each damage threat:

• Detectability

• Matching repeated loads interval and residual strength

1 3-in diameter indenter to show no cliff in residual strength curve; others use category-4 type damage everywhere as SDC

3.1 AC 20-107B / AMC 20-29 Composite Aircraft Structure

Go to Insert > Header and Footer to edit this text 14

Category

Requirements

Repeated 

loads interval

Residual

strength

1 – BVID / 

Allowed Mfg. defects
A/C life UL

2 - VID
Maintenance 

interval
>LL

3 - Obvious Damage 1 Few flights (near) LL
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Artificial detectable voids covered in strength allowables

Manufacturing effects / allowed defects and contamination:

• Detectable level of porosity/voids in butt joint

• Pieces of inert foil

• Burned organic contamination

• Release agent

Effects taken into account by: 

• Knockdown on strength allowables

• Residual strength analysis of delamination at UL

3.2 Allowed manufacturing defects and contamination

Go to Insert > Header and Footer to edit this text 15
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Skin IML at 

stringer runout

Aux pressure bulkhead

Main pressure bulkhead

Aft Engine Frame

Skin IML at 

stringer runout

Stringer cap

Skin IML at 

stringer runout

3.3 Impact threats for aft fuselage business jets (1/4)

Tool drop during 

manufacturing or 

maintenance

Stringers used as steps

Skin IML in corner at 

frame and stringer

Side of stringer
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3.3 Impact threats for aft fuselage business jets (2/4)

Go to Insert > Header and Footer to edit this text 17

Skin OML at frameSkin OML at stringer

Skin OML in 

skin pocket

Tool drop, 

maintenance 

stands, 

golf carts, surface 

vehicles, removal 

of main batteries,

errant bullets
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3.3 Impact threats for aft fuselage business jets (3/4)

Category-1 tool drop damage simulated with .5-in diameter impactor 

- Impacts at OML limited by 440-in.lbs (50-J) energy cutoff

Category-2 tool drop and other small, sharp impact damage simulated 

with .5-in diameter impactor 1

- No energy cutoff

1 On business jets small, sharp impacts were found; others use conservative diameter:1-4 in

Go to Insert > Header and Footer to edit this text 18
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3.3 Impact threats for aft fuselage business jets (4/4)

For category 3 blunt impact (3-in indenter) is tested on OML to show 

that there is no cliff in residual strength curve (conservative SDC)

Service experience shows conservatism of testing blunt 

impacts on aft fuselages of business jets

5-11-2019, based upon OEM’s Service Engineering database:
“(…) the impact seen in the aft section is typically from 

maintenance stands. Other types of impact are waste and water trucks, golf 

carts (for baggage) and damage associated with removal of the main 

batteries. The impact is almost entirely small and sharp.”

Hence, also internal damage before blunt impact is visible on skin 

OML is only analyzed as category-3 damage (no repeated loads)

Go to Insert > Header and Footer to edit this text 19

category 3 in-service
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3.4 Assessment of damage tolerance as per AC 20-107B

Impact tests to reach 

detectability of each category

Analysis supported by test is 

preferred:

• more insight 

• fewer tests (and molds for 

orthogrid test specimens)

Go to Insert > Header and Footer to edit this text 20

Structural behavior assessed 

by test / analysis supported by 

test

damage resistance of structure

damage scenario

damage threat

detectability (no) growth, arrest, residual strength of structure

damage category

matching detectability and

damage tolerance?
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3.5 Minimum detectability of damage per category (1/3)

Category-1 upper bound damage is determined by damage that can just be found 

by trained inspector (and 440-in.lbs / 50-J energy cutoff):

• .04-in 1 dent depth before relaxation with .5-in diameter impactor

• 3-in crack in butt joint radius due to impact on skin IML

(detailed inspection and white primer required on fillet radius)

1 Probability of Detectability study may prove that .03 in (.76 mm) before relaxation is sufficient for the painted OML

Go to Insert > Header and Footer to edit this text 21

detectable IML 

category 1

3-in crack length
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3.5 Minimum detectability of damage per category (2/3)

Category-2 upper bound damage is determined by:

• OML impact damage that can just be found during walk around inspection

.08-in dent depth or small penetration on skin OML1

• IML damage found at scheduled inspection with Probability of Detection = .99

10-in crack in butt joint radius due to impact on belly skin IML2

1 .05 in (1.3 mm) may show no relaxation due to broken fibers and be sufficient for category 2

2 Although close-out inspections may be called out by the maintenance planning document (MPD) after unscheduled 

maintenance, it is assumed this inspection does not find the damage up to what is considered category 2.  Scheduled 

inspection finds the damage and one missed scheduled inspection is considered in the damage tolerance evaluation.

Go to Insert > Header and Footer to edit this text 22

detectable 

category-2 OML 

dent depth

detectable 

category-2 IML

crack length
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Category 3 blunt impact damage1 is determined by OML impact damage that can 

just be found during walk around inspection (.08-in / 2-mm dent depth)

1 ”The impact is almost entirely small and sharp” for business jets

Blunt impact on OML is tested to show that there is no cliff in residual strength curve

3.5 Minimum detectability of damage per category (3/3)

Go to Insert > Header and Footer to edit this text 23

detectable 

category-3 blunt 

dent depth
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3.6 Assessed impact locations and damage categories

Go to Insert > Header and Footer to edit this text 24

Damage threat Impact location Damage category Damage #

Tool drop Skin IML next to stringers 

(probably covers stringer 

side impact)

1 1

2 2

3 3

Stringer cap, frame cap 1 4

3 5

Skin IML at stringer runout 1 6

2 7

3 8

Tool drop, 

maintenance 

stands, golf carts, 

surface vehicles, 

removal of the 

main batteries

Skin pockets OML 1 9

2 10

3 / SDC 11

Skin OML at stringers 1 12

2 13

3 14

Skin OML at frames 1 15

2 16

3 17

Only stringers and parts of frames 

in belly are susceptible to VID and 

obvious damage (cat 2/3)

Critical for concept



Proprietary and confidential restrictions on title slide apply throughout this presentation

3.7 Damage tolerance studies per location

Following slides present study and enhancement of damage tolerance for:

• Selected impact locations

• Selection of damage categories 1-3 for these locations 

See selection indicated as “critical for concept” on slide 3.6

Go to Insert > Header and Footer to edit this text 25
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3.7 Damage #1. 

Tool drop on skin IML next to stringers (category 1)1

• 3-in crack in skin-stringer butt joint is considered 

visually detectable by trained inspector (to be proven)

• No growth (below LL) was proven by 1-stringer tests (range of skin thicknesses)2

• UL residual strength is proven by VCCT analysis

• VCCT analysis validated by compression test panels (representative

skin thickness)

1 Probably covers heel damage from stringer side impact
2 LL*LEF assumed as 2/3 static failure load

Go to Insert > Header and Footer to edit this text 26
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3.7 Damage #6.

Tool drop on stringer runout (category 1)

Tool drop on stringer runouts at:

• Circumferential panel joints

• Pressure bulkhead

Covered by test (analysis t.b.d.):

• 3-in crack assumed as BVID

• No growth was analyzed and tested at -55 deg C in horizontal 

stabilizer stringer runouts (in previous project)

• Residual strength covered by test

Go to Insert > Header and Footer to edit this text 27

Circumferential panel joint

Runout at bulkhead
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3.7 Damage #11.

Blunt impact on skin pockets (category 3)

Blunt impact in the middle of skin pockets was tested with representative skin 

thickness:

• .11-in (2.8-mm) dent depth visually detectable during walk around inspection

• No damage to stringer-skin butt joints

• Residual strength assumed ≥ LL 

(no cabin pressure)

Go to Insert > Header and Footer to edit this text 28
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3.7 Damage #13.

Impact on skin OML at stringers (category 2) (1/3)

• Category 2 damage scenario tested (no energy cutoff)

Cf. only 1.6-in (40-mm) crack in skin-stringer interfaces at 440-in.lbs (50-J)

category-1 impact

Go to Insert > Header and Footer to edit this text 29

1,800-in.lbs (200-J) 

category-2 impact
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3.7 Damage #13.

Impact on skin OML at stringers (category 2) (2/3)

Fatigue crack growth test on 1-stringer specimens with arrestment features 

simulating effect of frames showed effective arrest

• Test to be used for validation of future crack growth analysis

• Interval and arrest of fatigue crack growth at frame in fuselage t.b.d. by analysis

• R=.1, mode-I/II da/dN data available
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3.7 Damage #13.

Impact on skin OML at stringers (category 2) (3/3)

Residual strength > LL  for long cracks is proven by VCCT analysis 

• VCCT analysis validated by compression test panels (representative skin 

thickness, 3-in crack in skin-stringer butt joint)
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10-in (250-mm) long crack
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Category-3, blunt impact on skin OML at stringer

Residual strength at LL predicted by point strain analysis for onset of quasi-static 

skin damage growth

Method based upon:

• panel tests

• comparison of tested laminates with 

laminates in design

3.7 Damage #14.

Impact on skin OML at stringers (category 3) (1/3)
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Structural Damage Capability (same level of safety as metal structure):

• As extra layer of safety design for arrest of large notch (translaminar crack) in 

skin at adjacent stringers

• Representative 18-ply skin layup changed to 14-ply skin layup with 4 0-degree 

plies locally under the stringer (to be slightly reinforced for Ultimate Load) 

 

3.7 Damage #14.

Impact on skin OML at stringers (category 3) (2/3)
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Progressive damage analysis of large notch in skin being developed:

• Cohesive Zone analysis (CZM) for large notch in skin

Cohesive law derived from Double Edge Notch coupons and 3-stringer panel

• Skin-stringer separation covered by available VCCT analysis

Panel in NLR ROTOP test proved effectiveness of 0-deg plies:

• Failure load in tension twice as high as load at onset

• Results used for method calibration

3.7 Damage #14.

Impact on skin OML at stringers (category 3) (3/3)
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Category-2 tool drop on skin OML at frame:

• Between stringers generally no frame damage

• Interval and LL residual strength with .08-in (2-mm) deep skin dent

Note: Small, sharp impacts on business jets – others use up to 4-in diameter impactors

3.7 Damage #16.

Impact on skin OML at frames (category 2) (1/2)
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Frame
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3.7 Damage #16.

Impact on skin OML at frames (category 2) (2/2)

Category-2 tool drop on skin OML at frame:

• At frame-stringer intersection frame web broken (clip between stringer and 

frame was reinforced) although .08-in (2-mm) dent depth not yet reached 

- damage at sufficient energy probably similar

• Interval and LL residual strength 

with broken frame t.b.d.
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3.7 Damage #17.

Impact on skin OML at frames (category 3) (1/4)

Category-3 blunt impact on skin OML at frame:

• 3-in diameter indenter

Go to Insert > Header and Footer to edit this text 37
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3.7 Damage #17.

Impact on skin OML at frames (category 3) (2/4)

LL capability to be shown for:

• Frame fracture

• Loss of one stringers in two bays

• Skin crack (similar to blunt impact on stringer)
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3.7 Damage #17.

Impact on skin OML at frames (category 3) (3/4)
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Direction of flight

Frame and frame attachment removed

Stringer removed

Stringer seam added

Direction of Flight

Non-linear analysis at fuselage down bending (Limit Load) 

with removed and loose frame and stringer elements showed:

• Stable adjacent stringers

• No significant areas with 
higher strains than in pristine 
skin panels at Ultimate Load

Conclusion:

No indication that broken frame 
and loss of stringer are critical 
for sizing from this first analysis



Proprietary and confidential restrictions on title slide apply throughout this presentation

3.7 Damage #17.

Impact on skin OML at frames (category 3) (4/4)

An errant bullet at the worst location also causes a broken frame and 

a stringer that is lost in two frame bays
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3.8 Status

Go to Insert > Header and Footer to edit this text 41

Damage # Location Category Detail studies of feasibility to show compliance

Damage scenario FCG interval Residual strength

1 Skin IML next to stringers 1 Analysis / Test  Test  Analysis 

2 2 Analysis  Analysis  Analysis 

3 3 Analysis  N/A Analysis 

4 Stringer cap, frame cap 1 Test  Eng. j.  Test / Analysis 

5 3 Test  N/A Analysis / Test 

6 Stringer runout 1 Test  TAPAS  Test 

7 2 Test  T.b.d.  T.b.d. 

8 3 Test  T.b.d.  T.b.d. 

9 Skin pockets OML 1 Test  Eng. j.  Empirical analysis 

10 2 Test  Eng. j.  Engineering judgment 

11 3 Test  N/A  Engineering judgment 

12 Skin OML at stringers 1 See IML  See IML  See IML 

13 2 Test  Analysis  Analysis / 

14 3 / SDC Test  SDC  N/A  Analysis / Test  / 

15 Skin OML at frames 1 Test  Eng. j.  Engineering judgment 

16 2 Test / Analysis  T.b.d.  Analysis 

17 3 Test  N/A  Analysis 
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4. Following steps

GKN Fokker Aerospace - is continuing to progress technology readiness level of 

the thermoplastic orthogrid technology for several market segments

Orthogrid stiffened panels developed for: 

• Control surfaces

• Wing / tail plane box structures

42

Paris airshow 2023
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Skin-stringer butt joint – BVID 

- testing and analysis methods

• 2 static tests on panel (representative skin thickness) correlated

to blind prediction

• Accurate prediction of panel failure load

Theodor Baciu

crack 

opening

tested a TUDelft
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Skin-stringer butt joint – BVID 

- testing and analysis methods

• Measuring crack length and correlation of growth proved difficult

• Correct prediction of asymmetry of growth
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National Aeronautics and Space Administration

Technology Development for Hi-Rate Composite Aircraft 
Manufacturing (HiCAM)

CMH-17 Fall 2024 Joint Virtual Coordination Meeting

11/13/2024

Michel van Tooren, Collins Aerospace, Senior Technical Fellow

Randy Wilkerson, The Boeing Company,  Technical Fellow

Rick Young, NASA HiCAM Project Manager
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Contents

• Positioning of the HiCAM project

• Overview of its technical contents
– Next Gen Thermosets

– Resin Infusion

– Thermoplastics

– Supporting technologies

• Certification considerations TPC and assembly by welding

• Conclusions and future HiCAM Activities

The material is based upon work supported by NASA under Award No(s). 80NSSC22M0152 and 80NSSC22M0159.
Any opinions, findings, and conclusions or recommendations expressed in this material are those of the author(s) and 

do not necessarily reflect the views of the National Aeronautics and Space Administration.
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U.S. Aviation Climate Action Plan – 2021
Net-zero greenhouse gas emissions by 2050

The U.S. is working with the global community to achieve net-zero greenhouse gas emissions by 2050

with reduced non-CO2 (e.g. contrails), noise, and local air quality impacts

https://www.faa.gov/sites/faa.gov/files/2021-11/Aviation_Climate_Action_Plan.pdf
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Frozen 2019
Technology Trajectory

Airline Fleet Renewal

New Aircraft Technology

Sustainable Aviation Fuel Uptake:
50% Emission Reduction

Sustainable Aviation Fuel Uptake:
100% Emission Reduction

Operations Improvement

Energy
Efficiency

Cleaner
Energy

https://www.faa.gov/sites/faa.gov/files/2021-11/Aviation_Climate_Action_Plan.pdf
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Sustainable Flight National Partnership

5

Advance engine

efficiency and 

emission reduction

Enable integrated 

trajectory optimization

Advance airframe

efficiency and

manufacturing rate

Enable use of 100% 

sustainable aviation fuels

Next-generation transports using up to 30% less fuel, current & future fleet flying optimal trajectories,
and engines burning SAF with greater than 50% reduction in lifecycle GHG emissions

Accelerating Toward Net-Zero Greenhouse Gas Emissions and Reduced Non-CO2 Climate Impact in the 2030s
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Composite Aircraft Structures: Sustainability
Next-generation transports burn up to 30% less fuel (source of 97% of CO2 from aviation)

• Composites airframe

– 25% lighter 

– Enables low drag  configs

– Reduced cost (fuel, maintenance)

– Production is expensive – desire 50% cost reduction for composites fab

• Sustainable Manufacturing
– Composites: 2x environmental impact, yet offset in weeks of operation
– Energy efficiency, renewable energy sources
– Reduced consumables, waste products, scrap
– Recycling: Down-cycle fibers
– Sustainable fibers and polymers

5-8% fuel burn reduction
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Transport Aircraft Market Demand Drives Manufacturing Rate

Boeing & Airbus desire next single aisle production 80-100/month

Historic production rates/month
• Metals         :   60 80 = 1.3x
• Composites :  10-14 80 =  6x

Airlines need 43,975 new airplanes over the 
next 20 years
• Replacing 70% of current fleet
• Nearly doubling fleet size
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Ultra-Efficient Airliner Integrated Technology Development

FY25 FY26 FY27 FY28 FY29FY20 FY21 FY22 FY23 FY24

Technology Readiness Target

Model Based Systems 

Analysis & Engineering

“Digital Flight Test”

X-66 Sustainable Flight Demonstrator 

(SFD) 

Transonic Truss Braced Wing (AATT) TC Completion

Hi-Rate Composite Aircraft 

Manufacturing

(HiCAM) 

Hybrid Thermally Efficient 

Core (HyTEC)

Core Demonstration

Electrified Powertrain Flight Demonstration (EPFD) Flight Tests

Electrified Aircraft Propulsion

Technologies (AATT)
TC Completion

Achieve TRL 6 in time for industry 

product decision-making
www.nasa.gov   | 8

Flight Test

Mfg & Structural Demonstrations

Notional

Planned

Test 

Duration

Demo(s) Down-select

Phase 1: Tech Dev Phase 2: Tech Demo
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Hi-Rate Composite Aircraft Manufacturing (HiCAM)
Challenge: Meet aircraft demand; improve fuel efficiency

Goal: Demonstrate manufacturing approaches and 
associated technologies for large composite primary 
airframe structures that enable high-rate production 
(up to 80 aircraft per month) with reduced cost and 
no weight penalty versus 2020 technology for composite 
structures  for early 2030s single-aisle aircraft production

Objectives:

• Mature affordable, high-rate composite manufacturing 
technologies

• Model-based engineering tools for high-rate concepts 

Approach:

• Baseline: B787/777x aircraft production system 

• Compete thermosets, resin infusion, thermoplastics

• Assess system production cost and component weight

• Demonstrate capability for full-scale component(s)

Addresses industry needs for rate, cost, and weight Public-Private Partnership with 50:50 cost share

Advanced Composites Consortium

24-183406-ETT
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HiCAM Timeline

Phase 0
Formulation

Phase 1 Technology 
Development

Phase 2 Technology 
Demonstration

Phase 2 Capstone
Demonstration

TRL/
MRL 4

TRL/
MRL 5

TRL/
MRL 6

FY22 FY24 FY25 FY26FY21 FY27 FY28

• Initial screening of 
processes, tooling, and 
materials

• Establish Baseline 

• Initial estimates of Key 
Performance Parameters 
(KPP)

• Development of  
processes, tooling, & 
materials

• Refined KPP’s

• Material & Element 
Testing

• Continue w/ Downselected
Technologies

• Increased Scale

• Increased Replicates

• Specific Demos TBD

• Large Scale Demonstration

• Hybrid Designs 

• Specific Demos TBD

24-183406-ETT
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• Structural Sizing

Weight
• Discrete Event Simulation 

for XX ship-sets per month

• Part movement; # lines

Component
Description

Activity Level
Model

Manufacturing
Model

• Station Duration

• Station Cost

• Production Rate, XX
• Non-Recurring Cost*
• Recurring Cost
• Factory Area

Technology Assessment Process: Key Performance Parameters & Goals

Manufacturing Model 
Model

Fabrication Lines

Assembly Lines

* Assume allocation to 3600 shipsets

GOALS

>2%

80/month

>50%, net cost 
per ship set

Compare:
• Baseline (787, 777 wing)
• Next-Gen thermosets
• Resin infused composites
• Thermoplastic composites

• Generic narrow body reference config.
• Aircraft loads; common sizing tools

24-183406-ETT
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HiCAM Technology Streams

Thermoplastic Composites
• Plastic polymer matrix, molten when 

heated, harden upon cooling
• Reversible: reheat, reshape, recycled
• Stored at room temp
• Assembled by fusion (P, T, ~minutes)
• Processing: Autoclave, vacuum bag 

in oven, in situ consolidation, 
stamp forming, injection molding, 
continuous compression molding, 
welded assembly

Polymer matrix

Thermoset Prepreg

• Layer of fiber, pre-impregnated 
with uncured epoxy (soft, tacky)

• Stored in a freezer until used

• Stacked to form laminates

• Vacuum bagged, cured in 
autoclave ( P, T, ~8hrs)

Resin-infused Composites
• Layers of dry fiber (no epoxy)
• Vacuum bagged or placed in 

a closed tool

• Infused with 2-part 
thermoset epoxy

• Cured in oven or heated tool

Thermoset epoxy: cure chemical transformation 
during manufacturing, permanent crosslinks 
between polymer chains, non-reversible solid 
form

Thermoplastic polymers: chemistry done prior to 
prepregging. Processing during manufacturing is 
physics based.

Cross-cutting technologies: MBE (MPM, SST), NDE, Tech Assessment
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Technology Stream I: NextGen Thermosets (NGT)

High Rate Lamination (AFP 4.0)
• Higher performance fiber
• 4-8X faster lamination rates

Automated Stiffener
Forming (ASF)

Autoclave
• 3x faster cure 

flow time 

Efficient, Reliable M&P / Equipment  Shorter Cycle Time  Less Capital, Labor  Lower Cost

• Evolution of the state of the art, baseline production system

Automated Part Handling 
• Pick-n-Place
• Improved Factory Flow

Progress

• AFP trials w/laser heating, 
in situ inspection

• Coupon tests: IM+, rapid 
cure

• ASF:  10’ stringer

• Lamination process dev. 
for low, med, high contour 
panels; spars, frames

• Accelerated cure trials

Upcoming

• 4’x8’ stringer-stiffened 
panels, fuselage and wing

• Skin-stinger element tests
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Technology Stream II: Resin Infused Composites (RIC)

Automated Fabrication 
of Stringers, Spars and Frames

Closed Mold Tooling
• Controlled surfaces, 

precision/shimless assembly

Self Heated Tools, Out of Autoclave Cure
• Free standing press
• Fast cure toughened resin system 

(less time on tool)

3D Structural Reinforcement (Stitching)

Multi-axial NCF stacks, IM+ Fiber 

• Faster material laydown,
highly drapable (10x faster)

• Higher strength carbon fibers 
(reduced weight)

3D Pick & Place

Progress

• Wing:

– NCF dry fiber preform with low bulk: 
stiffeners, kinked spar, skin panels

– Infusions: flat panels; spar section

– Process development for fast cure

• Fuselage:

– Dry-fiber placement, in situ inspection

– Frame preforming

– Infusion simulation

– One-sided stitching, characterization

– New isothermal rapid cure resin dev.

Upcoming

• 2-stringer panels

• Spar section
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Technology Stream III: Thermoplastic Composites (TPC)

Laser-assisted AFP

Heat

Large Stamp Forming

Multiple Joining Processes
High Rate Continuous 

Compression Molding (CCM)

Material

Press

Parts

Automated Stiffener Forming

RepairsStructural Sizing Tools Manufacturing Process Models

Vacuum Bag (VBO) Consolidation

Non-Destructive Evaluation

Paint Finishes for TPC

IM/IM+ Materials

24-183406-ETT
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Technology Stream III: Thermoplastic Composites (TPC) (continued)

Laser-assisted AFP

Stamp Forming
Rapid cycle times, typically 
minutes vs hours

Heat

Welding or Co-Fusion Assembly

Continuous Compression Molding (CCM)

Material

Press

Parts

Progress

• In situ consolidation – abandoned due to 
low strength, low rate

• High-rate laser AFP with in situ inspection

• ASF with in situ consolidation - success

• Stamp forming of stringer, frames, and ribs 

• Evaluation of welding techniques: 
ultrasonic, induction, conduction

• Draft roadmap for welding certification

• Evaluation of strength prediction tools

Upcoming

• Stamp forming skin

• 4’x6’ stiffened panels: 

– skins: vbo, stamp formed

– welded or co-fusion joining

Structural Sizing Tools Manufacturing Process Models Paint Finishes
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HiCAM Phase 2: Large-Scale Demos for Wing and Fuselage (FY25-FY28)

• Demonstrate manufacturing rate and quality at component scale with representative complexity

• Validate design tools and strength at panel scale

• Assess best manufacturing systems for transition to next airplane program

Wing box section near engine pylon

Subcomponents 

(~10 replicates)
Assembled Component (~3 replicates)

Fuselage forward section

Subcomponents 

(~10 replicates)

Assembled Component 

(~3 replicates)

(Notional)
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Welded Thermoplastic Composite Assemblies: Aspects and Challenges

1. The parts to be assembled can/will be made using a wide range of processes

• Largely different time/temperature/pressure/cooling rate cycles – apparent differences in 

consolidation and microstructure

• How to efficiently and safely perform/establish material qualification / material allowables / design 

values

2. The manufacturing processes used for the parts can themselves be new – e.g. AFP + VBO – process 

qualification

3. Most welding processes to join TPC parts are new (not used in certified products) – key characteristics

4. Heating for welding process may depend on material properties not considered in material specifications

• E.g. induction heating response of prepreg

5. No welded structure has been used yet in situations where tensile forces on the weld are a part of the 

load being transferred – how to characterize behavior

6. No availability of verified analysis methods for static and fatigue strength of welded joints nor for damage 

tolerance evaluation
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Processing/Welding TPC

• Physics based: heating, melting, solidifying, crystallization
– Powder + fiber  prepreg

– Prepreg + …..+ prepreg | placement | forming | consolidation  parts

– Parts + … + part | welding (co-consolidation)  assembly

• Processing TPC is all about: establishing intimate contact, healing, crystallization

• In lab intimate contact is fast, healing is subject of study

• In practice, for welding, intimate contact is the challenge, healing is not the issue
– Depending on quality of parts and characteristics of the process intimate contact will be fast, slow 

or will never happen

• Tooling and process design is key, observability and controllability help ease of 
qualification
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Material Physical Properties influencing weldability

I N D U C T I O N  R E S P O N S E  C A N  B E  S I G N I F I C A N T L Y  D I F F E R E N T  F O R  “ S A M E ”  M A T E R I A L  
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© 2024 Collins Aerospace.  | This document does not include any export controlled technical data.
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Wide variety of weld configurations possible

Classification of joining principles
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Generalization of compatibility of ‘material’ needed

Define the process compatibility matrix
Analysis/ Process Compatibility

FCP+SF

FCP

The matrix results in green tells that 
FCP at high pressure is the only data 
compatible with any FCP+SF.

Parts produced with a variety of processes can be welded together. How to characterize the assembly?
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Example: Weld Process Compatibility

Weld processes

Base

W
e
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P
-4

B
a

s
e

E X T E N D I N G  C O M P A T I B I L I T Y  T O  D I F F E R E N T  W E L D  P R O C E S S E S

Induction weld processes (WP 1-4 )
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WP-1 WP-2 WP-3 WP-4Base

© 2024 Collins Aerospace.  | This document does not include any export controlled technical data.

Baseline press 

consolidation (Base)
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Summary

• Lightweight composite airframe improves aircraft efficiency, helps the environment

• High-rate (lower cost) manufacturing technologies being developed for narrow-body market

• Competing manufacturing approaches evaluated; demonstrated at panel scale (TRL/MRL4)

• Select technologies to be scaled up for large scale wing and fuselage assembled components

Follow HiCAM: https://www.nasa.gov/directorates/armd/aavp/hicam/

• Phase 1 Technology development and down-select completes in 2024

• Preliminary design of Phase 2 capstone articles began in mid 2024

• Phase 2 Technology Demonstration begins in 2025

• TPC’s are a key enabler for meeting the goals of the HiCAM program

• HiCAM program stimulates industry to transform TPC’s from small 
parts to large scale components and assemblies

• Technologies being developed may also transition to defense and 
urban air mobility (UAM) markets

• Supports sustainability goals with increased composite usage for 
lighter weight designs and improved recyclability 
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