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Our journey 

Physiology

Water Hammer

Traveling loads

Shock and detonation waves

Physiology again – Auto-injectors 
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Physiology
Pressure waves in arteries, veins, airways, and intestines
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Johannes von Kries
1853–1928
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A. Isabree Moens
1846-1891
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𝐶𝐶 = 𝛼𝛼
𝐸𝐸ℎ
𝜌𝜌𝑓𝑓2𝑅𝑅

Measured wave speed in arteries, intestines, rubber 
tubes from oscillation period of water levels in his 1877 
PhD thesis and deduced effective wave speed.



D. J. Korteweg
1848-1941
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Nikolai Zhukovsky (Jukowsky)
1847-1921

“Water hammer” equation

Korteweg speed
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The Korteweg Wave Equation 
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Fluid-Structure Coupling Parameter β
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Thin Tube Thick Tube 
h = 0.89 mm, D = 38.5 mm h = 25 mm, D = 100 mm
β C (m/s) β C (m/s)

water-steel 0.48 1220 0.044 1450
water-glass 0.99 1050 0.092 1418
water-aluminum 1.4 961 0.13 1396
water-PMMA 29 271 2.7 1396
air-steel 2.8×10−6 343
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Traveling Loads
Guns,  trains, bridges detonation and shock waves in tubes or pipes
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Stephen Timoshenko
1878-1972
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The London, Edinburgh, and Dublin Philosophical Magazine and 
Journal of Science Series 6,  Volume 43, 1922 - Issue 257 

Exact analogues:

Train moving on rails supported by ground – Euler-
Bernoulli beam model on Winkler foundation.

Traveling load inside elastic cylinder modeled as a simple 
shell.
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Physiology - Again
Monoclonal antibodies, biologic drugs,  syringes and autoinjectors
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Monoclonal Antibodies
• Form of immunotherapy
• Monoclonal antibodies bind to specific cells or proteins and stimulate 

a patients immune system to attack those cells. 
• Chronic lymphocytic leukemia – Novartis 
• Arthritis – Humira, Enbrel
• Cholesterol - Repatha

• Created by a cell culture “biologic drugs”
• Has to be taken by injection rather than orally 

“Auto or Self-Injectors”
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Autoinjectors
Disposable unit used for self-
administration of injectable 
drugs.

Consists of prefilled syringe 
and mechanical power pack.

Release of spring in power 
pack actuates motion of 
needle and injection of drug 
solution into tissue.
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Monoclonal antibody drugs are viscous
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Challenges of Increased Viscosity 
• High injection pressures needed to obtain injection times acceptable 

to patients. 
• Injection pressures are increased by using larger spring forces 

injectors than used for less viscous drugs 
• Result: very rare but non-negligible failure through fracture of glass 

syringe.  
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Development of In-situ Diagnostics
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Transparent shell
for visualization



In-situ Pressure Measurement
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In-situ Strain Measurement
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High-Speed Video of Cavitation
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Downward motion of syringe 
creates acoustic waves in liquid

Propagation of acoustic wave 
and creation of 
negative pressure region 

Negative pressure creates 
cavitation bubbles






Mitigating Impulsive Pressures
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Reduction of peak pressures and strains by 75% while 
maintaining injection time.  



Scale Modeling and Simulation

12 mm air gap
Converging
section
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Super-scale Model of Syringe

• Enables detailed measurements 
of strain

• Fixture can simulate first and 
second impact

• Fluid-solid coupling and impact 
dynamics scaled
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Thank you.

• Amgen:  Bruce Eu, Julian Jazayeri
• DHS, ONR, LANL, DOE
• Marco Beltman, Raza Akbar,  Chris Krok, 

Florian Pintgen, Tony Chao, Macro Arienti, 
Patrick Hung,  Jim Karnesky,  Rita Liang, 
Kazuaki Inaba, Jason Damazo, Neal Bitter, Jean 
Christophe Veilleux,  Tim Colonius,  Ravi 
Ravichandran.
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