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100 Hundred Years of the Simple 100 Hundred Years of the Simple 
Indentation ProblemIndentation Problem

• Preferred material testing method:

- Non-destructive technique
- In situ measurements 
- Similar to the in vivo environment
- Arthroscopy application ( in vivo )

Laasanen et al, 2002

Tools of Biomechanics ResearchTools of Biomechanics Research
Lai, Mow and Hou, JBE, 1991Lai, Mow and Hou, JBE, 1991
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Conservation of fixed charges:
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From Ideas and Engineering Genius:From Ideas and Engineering Genius:

Major Advances over the 20Major Advances over the 20 thth

and 21and 21 stst CenturiesCenturies ----____________
Understanding the Cartilage Understanding the Cartilage 

Indentation ProblemIndentation Problem

Osteoarthritis and Cartilage Osteoarthritis and Cartilage 
ResearchResearch

Van C. Mow, Ph.D.Van C. Mow, Ph.D.
Stanley Dicker Professor of Biomedical EngineeringStanley Dicker Professor of Biomedical Engineering

Columbia University, New York, NY USAColumbia University, New York, NY USA

From Ideas and Engineering GeniusFrom Ideas and Engineering Genius

Historical Time Lines for Historical Time Lines for 
Engineering Inventions and Engineering Inventions and 

Scientific AdvancesScientific Advances



Daedalus & Icarus Daedalus & Icarus 
(200yrs before Homer(200yrs before Homer ’’s Iliad)s Iliad)

as told by Thomas Bullfinch as told by Thomas Bullfinch 
(1796 (1796 –– 1867) 1867) 

in in Age of FableAge of Fable

Ideas and Engineering GeniusIdeas and Engineering Genius
(2500 years of progress)(2500 years of progress)

1452 1452 –– 1519, AD1519, AD
Leonardo da VinciLeonardo da Vinci

ornithopter

Courage to Debunked Aristolean Courage to Debunked Aristolean 
Concepts of the UniverseConcepts of the Universe

Discovered Medicean Discovered Medicean ““ PlanetsPlanets ”” of Jupiterof Jupiter
Changing ParadigmsChanging Paradigms

(1564(1564--1642)1642)

Beginnings of New SciencesBeginnings of New Sciences

Discovered Universal Law Discovered Universal Law 
of Gravitation, Laws of Motion, Optics,of Gravitation, Laws of Motion, Optics,

and Developed Calculusand Developed Calculus

(1642(1642--1727)1727)

Daedalus & Icarus Daedalus & Icarus 
(200yrs before Homer(200yrs before Homer ’’s Iliad)s Iliad)

as told by Thomas Bullfinch as told by Thomas Bullfinch 
(1796 (1796 –– 1867) 1867) 

in in Age of FableAge of Fable

Ideas and Engineering GeniusIdeas and Engineering Genius
(3000 years of progress)(3000 years of progress)

Launch Of NASA Launch Of NASA 
STSSTS--125 Atlantis125 Atlantis

Target DateTarget Date ——October 2008October 2008

Cartilage: 
“when destroyed, (cartilage) is never recovered”

Hunter Phil. Trans.Royal Soc. London (1743)Hunter Phil. Trans.Royal Soc. London (1743)

Leon SokoloffLeon Sokoloff
(226 years of progress from Hunter)(226 years of progress from Hunter)

““ The morphological characteristics of the lesions al low The morphological characteristics of the lesions al low 
no serious question that no serious question that mechanical factorsmechanical factors are are 
instrumental in causing the abrasion and reshaping of instrumental in causing the abrasion and reshaping of 
the joints characteristic of osteoarthritis [OA]the joints characteristic of osteoarthritis [OA] ”” ..

““ From the mechanical view point, this requires an From the mechanical view point, this requires an 
analysis of the stressesanalysis of the stresses acting on the joints, the acting on the joints, the 
material properties of the tissues and the lubricat ionmaterial properties of the tissues and the lubricat ion ”” .  .  

Leon Sokoloff, The Biology of Degenerative Joint Di sease, 
page 69, The University of Chicago Press, 1969

“Known”
• Collagen:  Type?Collagen:  Type?
•• Ground SubstanceGround Substance ——MucopolysaccharidesMucopolysaccharides
•• Interstitial fluid and dissolved ionsInterstitial fluid and dissolved ions
•• ElectroElectro --mechanical properties of Ground Substancemechanical properties of Ground Substance

Charged ground substance Charged ground substance –– Donnan Osmotic PressureDonnan Osmotic Pressure

Leon Sokoloff Leon Sokoloff –– 19691969
Page 51Page 51

Some Known 
Characteristics

226 years of progress

Some Major Questions:Some Major Questions:
•• Elastic modulus of articular cartilage?Elastic modulus of articular cartilage?
•• Role and magnitude of Donnan Osmotic Pressure in the elastiRole and magnitude of Donnan Osmotic Pressure in the elasti c modulus?c modulus?
•• Flow directions of interstitial fluid? Flow directions of interstitial fluid? 
•• Lubrication mechanisms and frictional characteristics? Lubrication mechanisms and frictional characteristics? 

etcetc



Which Way Does the Water Flow?Which Way Does the Water Flow?

The Biology of Degenerative Joint DiseaseThe Biology of Degenerative Joint Disease
Leon Sokoloff, 1969Leon Sokoloff, 1969

Needless Scientific Imbroglios!Needless Scientific Imbroglios!

Which Way Does the Water Flow?
MC Escher, 1898 – 1972

Circa: 1945
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Heinegard, Bayliss and Lorenzo: Mechanical properti es of normal and osteoarthritic articular cartilage , and mechano-
biology of chondrocytes. In: Brandt KD, Doherty M, Lohmander LS (ed). Osteoarthritis , Oxford, UK, pp. 102-112,2003

Carl Hirsch, 1944 Carl Hirsch, 1944 
Indentation ApparatusIndentation Apparatus

Human Articular CartilageHuman Articular Cartilage

Leon Sokoloff 1963 Leon Sokoloff 1963 
Indentation ApparatusIndentation Apparatus

Adult Articular CartilageAdult Articular Cartilage

Viscoelastic Creep and Fugitive ElasticityViscoelastic Creep and Fugitive Elasticity

Paradox Resolved? (Experimentally)Paradox Resolved? (Experimentally)
Creep and Recovery Creep and Recovery 

CurvesCurves

Carl Hirsch, 1944Carl Hirsch, 1944

Imperfect ElasticityImperfect Elasticity

Leon Sokoloff, 1963Leon Sokoloff, 1963

Creep recovery due to Creep recovery due to 
Fluid imbibitionFluid imbibition

Benninghoff, 1926Benninghoff, 1926

Recent Indentation ApparatusesRecent Indentation Apparatuses

Kempson et al, J Biomechanics
1973

Mow et al, J Biomechanics 
1989

Arthroscopy

Micro-indenter

Nano-indenter

Atomic force microscopy

Elastic Properties 
(no water)

Biphasic Properties 
(water and electrolytes)



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

Biology of ChondrocytesBiology of Chondrocytes

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

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

MechanoMechano --Signal TransductionSignal Transduction
(Mow, Hung and Wang, OA&C, 1999)(Mow, Hung and Wang, OA&C, 1999)
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Biosynthetic Activities of Chondrocytes are Regulat ed byBiosynthetic 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

In Situ Compression of ChondrocytesIn Situ Compression of Chondrocytes

d1
d2

d1>d2

Unloaded Loaded

Guilak & Mow
et al, 1995

Applied 
Compressive 

Load

First Confocal Microscopy of 
Chondrocytes under Compression
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Mauck, Hung, Ateshian, et al, J Biomech Eng, 2000
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**Dynamically Loaded

10% FBS, 10 x 10 6 cells/ml

Mauck, Hung, Ateshian, et al, J Biomech Eng, 2000

1Hz loading, 10% peak-to-peak strain,1hr on/ 1 hr o ff for 6 hours daily

MechanoMechano --Signal TransductionSignal Transduction
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Biosynthetic Activities of Chondrocytes are Regulat ed byBiosynthetic 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



Biphasic Indentation AnalysisBiphasic Indentation Analysis

Mow et al, 1989

Simultaneous determination of :  

• Young’s modulus
• Poisson’s ratio
• Permeability

Biphasic Indentation AnalysisBiphasic Indentation Analysis

Mow et al, 1989

Indentation TestIndentation Test

Proteoglycan and Osmotic PressureProteoglycan and Osmotic Pressure
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w = 0.74

Y   = 1.034*X + 0.004

R2 = 0.726  P < 0.0001

Lu et al, 2007
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Biosynthetic Activities of Chondrocytes are Regulat ed byBiosynthetic 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

Effects of Osmotic Pressure on Effects of Osmotic Pressure on 
Interstitial Fluid PressureInterstitial Fluid Pressure
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Osmotic and Fluid Pressures



Summary and ConclusionsSummary and Conclusions

•• From Ideas and Engineering GeniusFrom Ideas and Engineering Genius
to Scientific Progressto Scientific Progress

•• Major Advances over the 20Major Advances over the 20 thth and 21st  and 21st  
Centuries on OA and Cartilage ResearchCenturies on OA and Cartilage Research

•• Understanding the Cartilage Indentation Understanding the Cartilage Indentation 
ProblemProblem

Thank You for the honor of Thank You for the honor of 

bestowing to me the 2008 bestowing to me the 2008 

Outstanding Basic Science Outstanding Basic Science 

Award from OARSI in Rome!Award from OARSI in Rome!

Intrepid Explorations beyond the Intrepid Explorations beyond the 
Confines of the Confines of the ““ Celestial SpheresCelestial Spheres ””

New Ideas and New Ideas and 
Scientific ToolsScientific Tools

(1564 (1564 -- 1642)1642)

New BeginningsNew BeginningsCourage to Debunk Outdated Courage to Debunk Outdated 
ConceptsConcepts

New Physics and New Physics and 
Engineering ToolsEngineering Tools

(1642 (1642 -- 1727)1727)
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September 18 September 18 –– 21, 200821, 2008
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OARSIOARSI
World Congress on OsteoarthritisWorld Congress on Osteoarthritis

October 12-15, 2003
Berlin, Germany

The Future of 21 st Century Science Education

NormalizedNormalized
StrainStrain
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Strain in a Chondrocyte Strain in a Chondrocyte 
During CompressionDuring Compression

Surface ZoneSurface Zone
(Reduced cell strain)(Reduced cell strain)

Middle/Deep ZoneMiddle/Deep Zone
(Strain Amplification(Strain Amplification ))

Changing Paradigms &Changing Paradigms &
Changing TimesChanging Times

Intrepid Explorations beyond the Intrepid Explorations beyond the 
Confines of the Celestial SpheresConfines of the Celestial Spheres


