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100 Hundred Years of the Simple
Indentation Problem

Load
Articular
cartilage

E Indenter

Subchondral
Bone

» Preferred material testing method:

- Non-destructive technique

- In situ measurements

- Similar to the invivo environment
- Arthroscopy application ( in vivo )

From Ideas and Engineering Genius:

Major Advances over the 20 ™
and 21t Centuries --

Understanding the Cartilage
Indentation Problem

Van C. Mow, Ph.D.
Stanley Dicker Professor of Biomedical Engineering
Columbia University, New York, NY USA

Making A Wish!

2008 Outstanding
OARSI Basic Science
Research Award !

Tools of Biomechanics Research

Lai, Mow and Hou, JBE, 1991
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Conservation of fixed charges: 1l T ) +div(7"c"v®) =0
Electroneutrality condition: c=c+d

Quasi-static momentum equations:
tissue: div(s)=0
water: -rvgnt+ fg(vs- v+ £, (vi-vW) + £, (v-vW) =0
cation: -rrgm+fvs- v+, (W-v) + £ (v-v) =0
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From Ideas and Engineering Genius

Historical Time Lines for
Engineering Inventions and
Scientific Advances



Courage to Debunked Aristolean

Ideas and Engineering Genius Concepts of the Universe Beginnings of New Sciences
(2500 years of progress)

1452 — 1519, AD
Leonardo da Vinci

Daedalus & Icarus

(200yrs before Homer ’s lliad) Discovered Universal Law

= Discovered Medicean “Planets™ of Jupiter of Gravitation, Laws of Motion, Optics,
as told by Thomas Bullfinch ornitl pter Changing Paradigms and Developed Calculus

(1796 — 1867) ; )
in Age of Fable (1564-1642) (1642-1727)

Cartilage:

[ nd Engineerin ni
tezs and ginee gGe us “when destroyed, (cartilage) is never recovered”

(3000 years of progress)
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If we copfult the fRanderd Chiregical Writert
from Hippacrates down tothe prefent Age, we fall
find, thar an ulcerated Cartilage is univerfally aliowed
to be a very troublefome Difeafe ; that Tt admits of 2
Care with more Difficulty thas a carfons Bone = and
that, when deflroyed, it s never recovered,

Hunter Phil. Trans.Royal Soc. London (1743)
e
Daedalus & Icarus Launch Of NASA
(200yrs before Homer s lliad) STS-125 Atlantis

as told by Thomas Bullfinch
(1796 — 1867)

in Age of Fable Target Date —October 2008

Leon Sokoloff
(226 years of progress from Hunter)

“The morphological characteristics of the lesions al low Leon Sokoloff —1969

no serious question that are
instrumental in causing the abrasion and reshaping of
the joints characteristic of osteoarthritis [OA]

“From the mechanical view point, this requires an "K”g"‘ﬁ”” -
. .. ollagen: Type?
N . actlng on the JOIntS,V the . » Ground Substance —Mucopolysaccharides
material properties of the tissues and the lubricat ion”. Interstitial fluid and dissolved ions
Electro -mechanical properties of Ground Substance
Charged ground substance — Donnan Osmotic Pressure

Leon Sokoloff, The Biology of Degenerative Joint Di sease, Some Major Questions:

page 69, The University of Chicago Press, 1969 Elastic modulus of articular cartilage?
Role and magnitude of Donnan Osmotic Pressure in the elasti ¢ modulus?

Flow directions of interstitial fluid?
Lubrication mechanisms and frictional characteristics?
etc




The Biology of Degenerative Joint Disease
Leon Sokoloff, 1969
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Which Way Does the Water Flow?

TERRITORIAL INTERTERRITORIAL

Fibronectin

|

Bigh
Eca\mgan [ i Collagen /X!

Collagen IX
NC4

Link
protein

Heinegard, Bay Lorenzo: Mechanical properti es of normal and osteoarthritic artict
biology of chondrocytes. In: Brandt KD, Doherty M, ~ Lohmander LS (ed). Osteoarthritis ,

Paradox Resolved? (Experimentally)

Creep and Recovery
Curves
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Needless Scientific Imbroglios!

DISTILLED WATER  ISOTONIC SAUNE ELECTROLYTE ExCESS

MC Escher, 1898 — 1972
Circa: 1945

Which Way Does the Water Flow?

Viscoelastic Creep and Fugitive Elasticity

Carl Hirsch, 1944 Leon Sokoloff 1963
Indentation Apparatus Indentation Apparatus
Human Articular Cartilage Adult Articular Cartilage

Recent Indentation Apparatuses

Arthroscopy

Micro-indenter
e
P~ .
i RN Nano-indenter

Atomic force microscopy
o

Kempson et al, J Biomechanics Mow et al, J Biomechanics
1973 1989
Elastic Properties Biphasic Properties
(no water) (water and electrolytes)




Biology of Chondrocytes

Matured chondrocytes are
and the tissue (articular cartilage)
is devoid of biologic activities.

William Hunter (Phil Trans, 1743,
And Henry J. Mankin, AAOS, 1971)

SEM of Chondrocyte (3000X)
Lancet, J McCall (1969)

In Situ Compression of Chondrocytes
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Guilak & Mow First Confocal Microscopy of
et al, 1995 Chondrocytes under Compression

Mauck, Hung, Ateshian, et al, J Biomech Eng, 2000
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9 1Hz loading, 10% peak-to-peak strain,1hr on/ 1 hro  ff for 6 hours daily

Mechano -Signal Transduction

(Mow, Hung and Wang, OA&C, 1999)

Biosynthetic Activities of Chondrocytes are Regulat ed by:

Location within the tissue & joint

Changes of cell shape and volume

Fluid and osmotic pressures

Viscous fluid shear stresses

Tensile, compressive and shear stresses
Electrical potential and currents, and gradients
Intra-cellular composition and structures
Extra-cellular composition and structures
Cytokines and growth factors, etc

Mauck, Hung, Ateshian, et al, J Biomech Eng, 2000
10% FBS, 10 x 10°© cells/ml

H Free-Swelling (no load)

Equilibrium Aggregate
Modulus (kPa)

Mechano -Signal Transduction

Biosynthetic Activities of Chondrocytes are Regulat ed by:

Location within the tissue & joint
Changes of cell shape and volume

Viscous fluid shear stresses

Tensile, compressive and shear stresses
Electrical potential and currents, and gradients
Intra-cellular composition and structures
Extra-cellular composition and structures
Cytokines and growth factors, etc




Biphasic Indentation Analysis Biphasic Indentation Analysis

Indentation Test

Theoretical and Experiments! Inderdatien Creep Resuits
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Simultaneous determination of :

* Young's modulus
» Poisson’s ratio
* Permeability

Mow et al, 1989 - Mow et al, 1989

Proteoglycan and Osmotic Pressure FCD from Triphasic Theory

) 2M Creep Curve

Osmotic Pressure
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FCD from Theory (mEg/ml)
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Time (Sec) 010 015 020 025 030
FCD from GAG Assay (mEg/ml)

Constant mechanical loadings on cartilage in differ ent solutions .
Lu et al, 2007

. . Effects of Osmotic Pressure on
Mechano -Signal Transduction Interstitial Fluid Pressure

Osmotic and Fluid Pressures 2a
Biosynthetic Activities of Chondrocytes are Regulat ed by: . ) "

Location within the tissue & joint
Changes of cell shape and volume

Viscous fluid shear stresses

Tensile, compressive and shear stresses Fluid Pressure
Electrical potential and currents, and gradients

Intra-cellular composition and structures

Extra-cellular composition and structures

Cytokines and growth factors, etc




Summary and Conclusions

* From Ideas and Engineering Genius
v Selengie Progres Thank You for the honor of

« Major Advances over the 20  and 21st bestowing to me the 2008
Centuries on OA and Cartilage Research : . .
¢ Outstanding Basic Science

» Understanding the Cartilage Indentation Award from OARSI in Rome!
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Strain in a Chondrocyte
During Compression

Normalized
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Surface Zone Middle/Deep Zone
(Reduced cell strain) (Strain Amplification )

The Future of 21 st Century Science Education

Changing Paradigms &
Changing Times

Intrepid Explorations beyond the
Confines of the Celestial Spheres




