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ÅGoal: Enhanced Solider protection 

and effectiveness, enabling 

dominance of close-combat fight 
ïNext gen armor and projectiles

ÅMaterials processing & properties
ïProperties and characteristics do not 

directly predict ballistic performance

ïNeed ideal metrics to target efforts 

ÅTraditional ballistic testing 
ïDemonstrates outcomes and ranking 

with little insight into underlying physics

ïExpensive and requires bulk material 

ÅComputational design tools needed 

for design and analysis
ïNeed high-fidelity experimental input

ÅNeed insight into incipient failure 

mechanisms enabling rapid 

screening
Ą Time-resolved ballistic testing

BACKGROUND
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Need to reduce hard armor weight
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ÅComplex failure response
ï Materials subjected to extreme dynamic loading

ï Impactor-target response non-linear in time

ï Severe gradients in the stress and strain

ï Multiple damage and failure modes

ÅNeed comprehensive framework:
ï Insights into ballistic mechanisms

ï Rapid screening

Å Guidance to processing/characterization 

Å Test emerging technologies at small-scale

ï Continuous feedback loop that connects through 

mechanisms informed by instrumented ballistics

ÅObjective: 
ïExperimental-computational framework for 

accelerated engineering of future protection 

and projectile technologies

MOTIVATION

Advances in ballistic characterization

THEN NOW

Demonstrating a bullet-proof 

vest, c. 1923.Library of 

Congress

Full-scale validation of 
armor mechanisms to 

inform novel armor design

Novel processing science to enable 
unique materials, multi-scale structures 

and armor system design

Time-resolved 
ballistic experiments 

to characterize 

fracture and 
penetration behavior

Modeling penetration response with 
sub-scale and microstructural 

deformation mechanisms 

Penetration 
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ÅML + integrated testing to expedite and enable greater insights into ballistic 

phenomena 
ïAccelerate discovery and development cycle

ïRapid screening of materials, technologies, and mechanisms

ïMove away from manual analysis (time-consuming, costly, and subjective)

ïFeed high-fidelity data into model development, validation, and optimization

ÅEnable identification of transformative materials
ïAggregate resources (past work, experiments, computations) for predictions

ïARL performs 1000s of tests per year with X-ray systems Ą data-rich environment

ÅProvide mechanistic guidance to develop better materials and systems
ïLeverage findings for enhanced lethality/protection

ACCELERATING DISCOVERY

Non-ideal S&T Failure

10 tile 4ò× 4ò V50 = 2.30 kg powder = 460 powder batches

(+ capital for pressing large targets and machining)

Ą 1 test with one set of parameters

HIDRA = 2.30 kg powder = 368 discs

Ą latitude to test combinations of features, processes

Screening novel processing schemes

Material X

Process 2

Material X 

Process 1 Both powders look 
nearly identical with 

similar hardness
Mitigate Risk: 

Fail sooner, quicker, cheaper

Ceramic Polycarbonate

Impactor
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ÅArtificial Intelligence ïEnables application to 

mimic human intelligence to predict, automate, 

and optimize tasks

ïMachine Learning ïIncorporates mathematical and statistic 

algorithms designed to allow application to ñlearnò from data

ÁNeural Networks ïMimic operation of neurons in human 

brain for computation and comprised of layers of nodes 

o Deep Learning ïUse neural net with more than 3 

layers (incl. input/output layer)

ÅAutomated processing of multi-modal time-resolved 

ballistic data 

ï Based on methodology developed by Schuster (Python-

based open-source code using Jupyter Notebooks)

ï Current code developed during 2020 pandemic shutdown

ÅDistributable framework

ï Select experiments can be shared collaboratively

ï Allows for personal or cloud-based computing

ÅHigh-quality data in non-ideal environments

ï Production scale testing has the poorest image quality 

but is an opportunity to generate large data sets!

MACHINE LEARNING AS ENABLING 

TECHNOLOGY

Deep Learning Neural Net

History of AI, ML, and DL

ML publications by year
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INTEGRATED BALLISTIC TESTING

X-ray images used for analysis
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Optical beam breaks
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Cam_1 Cam_0

Ultra-high-speed cameras

ÅIn situ characterization of failure response 

using concurrent instrumentation

ÅModular configuration enables wide variety of 

experimental investigations

ÅPrecise, repeatable test design

Å0.25 to 0.50-cal barrels (0.3 ï2.5 km/s)

ÅUltra-high-speed imaging (up to 10 Mfps)

Å8-channel Photonic Doppler Velocimetry (PDV) 

(measure 10s m/s to km/s with ns resolution)

Å8-channel 150 keV multi-flash X-ray (HIDRA)

Well-defined, repeatable target

Target

Target

Instrumentation

1
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Ceramic vs. backer response

ÅBallistic response
ïPTI = less than 50 ɛs

ïRear target cracking within 1 ɛs

ïPTI affects backer in <10 ɛs

ÅPDV: projectile & back face velocity

ÅCameras: fracture morphology

ÅX-rays with ML:
ïDwell time (no penetration)

ïProjectile length

ïProjectile consumption (rate of erosion)

ïDepth of penetration

ïPenetration velocity

ïProjectile-target interface shape

SEQUENCE OF EVENTS

Total event ~50 us

Ceramic fracture <10 ɛs

Ceramic

Backer

PDV #2
Back of  

ceramic 

PDV #1
Projectile

PDV

X-ray imaging

High-speed imaging

SIDE

REAR

Impact and penetration
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