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Physiology

Pressure waves in arteries, veins, airways, and intestines
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Johannes von Kries
1853-1928 é
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A. Isabree Moens
1846-1891

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

1848-1941 K Compressible liquid
Co = Py Rigid tube
\
Eh Incompressible liquid
C; = 07 2R Elastic tube
\
1 1 . 1 Elasticity of tube

c2 ¢2 ¢2 andliquid combined

18738
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Nikolal Zhukovsky (Jukowsky) AP
1847-1921

ke

Au

AP = pcAu  “Water hammer” equation

C1
C = \/ Korteweg speed
1

L X2
Eh

Joukowsky N. (1898). Uber den hydraulischen Stoss in Wasserleitungsréhren.

Mémoires de I'Académie Impériale des Sciences de St.-Pétersbourg (1900), Series
8, 9(5), 1-71.




The Korteweg Wave Equation

5 & Korteweg equation:
E(PA) 8X(PW1) 0, P 1P
ox2 ¢ drr
Jdu dJu  JP
P =7 8? ‘|‘PU (93( % - Wave speed:
- 1 o

r 2R P! ¢’ = A_W(pA)
— 4o h E B 8p p dA

- aP A orP
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Fluid-Structure Coupling Parameter 3

] 11 111

Thin Tube Thick Tube

h=0.89mm,D=385mm [h=25mm, D=100 mm

B C (m/s) B 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 2.8x107% | 343
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H.

Axial location

Projectile

——stress wave
—tension wave
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H

Hoop strains
I
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Traveling Loads

Guns, trains, bridges detonation and shock waves in tubes or pipes

<Twente] =T V Pasadena
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Stephen Timoshenko

1878-1972
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CV. Ona the Forced Vilrations nf Bridges.
By Professor 8. P. TimospENED *.

IT is now geuerally agreed that imperfect balance of the
locomotive driving-wheels is the priocipal source of
impact effcet in bridges of long span. 'f'he laws governing
this effect have not yet heen deimitely formulated, and mneh
more information is needed on the experimental side +.

Some e of the foreed vibrations which are thos indueed
may be obtained by considering the bridge as a beam of
constant cross-scction with supported emdis (fig. 1). The
gaﬁexion of tho vibrating beam may be represented as
ollows :—

y=gr 5" 4, ainf"_";f +y si.ﬁ?qh... C W)

where ¢y, ¢ ..., ete. are functions of ¢ only. Then if EL
denotes the Hexural rigidity of the beam, and w its weight
per unit length, the expressions for the potential and kinetie
energies will be

1o, (%3, 1RIx%
V= E-Elj;(ai“) de= 'i . Ij— E [H ¢,. 3,1

n=1
()
_lw lwl ™ _. I
S PARELFS O j
Fig. L

Woe suppose that a single variable force P cos 2ut/r moves
along the beam with a constant velocity » (fig. 1). The
corresponding differential equations may be written in the
form

ElLx* 2ot , wmwel

%-};,+ 3 righ, =P cos Sl L S (3
Then taking ¢ =g¢»=0 at the instant =0, and writing
a:,;!!"ﬁ_t_
e

# Communicated by Mr. R. V. Southwell.
t ¢f. ‘ Engineeriog,’ vol. exii. p. B0 (1921).

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.

Eh? 04w N d°w P AP(x,t)
W =
12p(1 —v?) ox*  Jt? ? ph

o _L1JE
O—R p
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Shell model:
ONy d21 dM,. 3 %y
ox Plorc Tox =P om
d0O« Nyg d%w
- — AP=ph——. 27
& TAP=Phop @7
For elastic motions, the stress resultants N, Ngg. M, and O, are defined as:
Eh [du w ERd  dy
JT"H'T — oy - _a'-'\/f' e -
“ET v ox Y ] | T12(1—v2) Ox
o Eh ‘vau . w — «Gh lw+ Iw (28)
iee_l—vz_ dx R’|’ Ox = YTox |
Fluid-Solid Coupling:
Al ( R,,1)
— —— 1‘,."' xq}" p— . .
ot | o
_ 99
ar }‘:RQ

Fluid acoustics:

P=P-F=—p 2.

p'=p—po="F/a,
u=(uv),
=Vo ,
1 920

Vg ——=—==0.
az Jt?

AP =P (x,r =R,.1) ,
9

_pg_
dt r—R,
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radial displacement (um)
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Pressure (bar)
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Gas Supply Port

FCE Pressure FCH Pressure
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Physiology - Again

Monoclonal antibodies, biologic drugs, syringes and autoinjectors

33



Monoclonal Antibodies

e Form of iImmunotherapy

* 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”



Autoinjectors

Power pack activation
button ;-— _-

Power pack ———

Spring

Shel| ——— Plunger

< Syringe
Stopper

=——— Carrier

\_/

End opening

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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How drug delivery devices work

To minimize device design complexity, often times the drive mechanisms responsible for
drug delivery are also responsible for the events at device activation making the activation
process an extremely transient series of events.

12 | Activation Needlg .
—~10 - serton— —Driving Rod
These highly transient ‘E 8 Container
events can lead to 2 6 - ‘,/"?\
impulsive forces that may S 4 - v
compromise container g 2 - | \ il very
integrity. > 0 - e
-2 ! T : o
0 2 4
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Monoclonal antibody drugs are viscous

The concentration of monoclonal antibodies and by extension the drug product viscosities
have been increasing in order to competitively meet patient needs.

50
S 40

R
> 10

Temperature (°C)

With high concentrations of monoclonal antibodies we can expect large variations in fluid
viscosity with environmental conditions.
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Performances of delivery systems

High concentrations of monoclonal antibodies can have a direct impact on the fluid
properties of drug products that are relevant to primary packaging and device
performances.
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As drug products become more concentrated and viscous, challenges arise with meeting
regulatory commitments on dose timing and device delivery forces.
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Challenges of Increased Viscosity

 High injection pressures needed to obtain injection times acceptable
to patients.

* |[njection 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

Transparent shell
for visualization

Camera Light source
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IN-situ Pressure Measurement

e (MPa)
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In-situ Strain Measurement
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High-Speed Video of Cavitation

. Downward motion of syringe Propagation of acoustic wave Negative pressure creates
creates acoustic waves in liquid and creation of cavitation bubbles
f‘ﬂ negative pressure region
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Mitigating Impulsive Pressures
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Scale Modeling and Simulation
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e Enables detailed measurements
of strain

e Fixture can simulate first and
second impact

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

e Amgen: Bruce Eu, Julian Jazayeri
e DHS, ONR, LANL, DOE

* Marco Beltman, Raza Akbar, Chris Krok,
-lorian 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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