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WHO (February 2021):
• Approximately 1.71 billion people have musculoskeletal 

conditions worldwide. 
• Musculoskeletal conditions are the leading contributor 

to disability worldwide

Musculoskeletal conditions include:
• Osteoarthritis 
• Osteoporosis, osteopenia and associated fragility 

fractures, traumatic fractures of soft and hard tissues

Musculoskeletal conditions
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All age groups of the population are affected

Mortality rate is 20% within 
1 year. 

250’000 ACL injuries occur in 
the USA annually.

Biomechanical aspects are involved in most 
musculoskeletal conditions



How can mechanical aspects be considered in medicine?
1) Diagnostic 

The shear modulus of tumor tissues may be an order of magnitude higher than in normal tissues.

https://doi.org/10.1016/j.jmbbm.2023.105721

Elastography uses wave propagation to evaluate the mechanical properties of the tissues
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1) Diagnostic 
The cartilage aging process weakens its mechanical properties

Osteoarthritic
knee

Results

GROSS EXAMINATION

Twenty-one subjects entered the study (15 females, 6
males) with an average age of 70G 13 years. Cartilage
degeneration and abrasion were evident in all specimens.
In most cases, a varus-gonarthrosis and areas of denuded
bone were prominent. As expected, the cartilage degener-
ation was extremely severe in the medial tibial condyle,
whereas in most cases degeneration had reached only
a moderate stage in the cartilage on the lateral tibial
condyle.

BIOMECHANICAL TESTING

Values obtained from the mechanical tests showed
a correlation between increasing ICRS Grade and stiff-
ness reduction (R2Z 0.69, P! 0.01; Fig. 1). Stiffness
values were E1Z 0.50G 0.14 MPa for ICRS Grade 1,
E2Z 0.37G 0.13 MPa for ICRS Grade 2 and E3Z
0.28G 0.12 MPa for ICRS Grade 3. The average thickness
of the cartilage samples was 1.96G 0.44 mm. A pro-
gressive thinning of the cartilage layer was observed in
the severe cases of the disease (classified ICRS Grade 3).

HISTOLOGICAL RESULTS

In the tibial plateau, higher Mankin score values were
obtained with increasing ICRS Grade (Fig. 2). The Mankin
score in areas macroscopically evaluated as ICRS Grade 1
was 3.2G 1.5 points. The superficial and intermediate layer
showed deterioration by means of fissures and cracks,
hypercellularity and a decrease in Safranin-Orange stain-
ing. The Mankin score for ICRS Grade 2 areas averaged to
5.7G 2.0 points. At this stage of degeneration cell-
clustering of chondrocytes appeared, and deep cracks
penetrating to the middle zone were apparent. The clefts
and disruption of the matrix increased in ICRS Grade 3
areas for which the Mankin score was 7.6G 1.7 points
(Fig. 3). In this stage of degeneration, both chondrocyte
cell-clustering (Fig. 4) and hypocellularity were present and
the thickness of the subchondral bone layer increased.

The mean inter-observer variance was 0.8, 1.1 and 1.1
score points of a possible 14 Mankin score for ICRS Grades
1, 2 and 3, respectively. The kappa value for the inter-
observer reliability was 0.45.
Overall, the histological evaluation showed clear struc-

tural disorganization in the more degenerated cartilage, and
fibrillation and derangement increased from ICRS Grades 1
to 3 (Fig. 3). A significant correlation was found between the
Mankin score and the ICRS Grade (R2Z 0.74, P! 0.01). A
moderate correlation was found between the Mankin score
and the Young’s modulus (R2Z 0.47, P! 0.02).

Discussion

The aim of this study was to describe the mechanical
alterations of articular cartilage at different stages of
degeneration in the course of OA, and to investigate the
interrelation between mechanical properties and macro-
scopic (ICRS Grades) and histological (Mankin score)
appearance of osteoarthritic articular cartilage.
The results indicate that the mechanical stiffness of

cartilage decreases as its degeneration progresses. The
relationship between cartilage stiffness and ICRS clinical
scoring predicts a stiffness loss of about 25% for each ICRS
Grade. The classification into different ICRS Grades is
based on macroscopic markers like the loss of glistening
and shiny cartilage surface appearance in the mild stage,
and fissures and deep clefts in the moderate and severe
stage of OA. Thesemarkers monitor the loss of the structural
integrity of cartilage in the process of the degeneration. The
structural derangement of the matrix seems to have a direct
influence on cartilage mechanics. As a consequence, the
visual surface appearance of cartilage gives an impression
of the mechanical behavior of the tissue e more structural
disorder means less stiffness. The Mankin score, which
describes the histological deterioration, confirmed the ICRS
classification of the specimens. The findings of the Mankin
score are consistent with recent studies14,22,23. The inter-
observer reliability was only moderate compared to other
studies24. In consequence, macroscopic assessment is
a reliable method for the classification of degenerated
cartilage. As a limitation, the initial stage of the disease can
hardly be detected by visual assessment only, because of
the inconspicuous changes of the surface appearance
between ICRS Grade 1 and native cartilage.

Fig. 1. Stiffness reduction of degenerated cartilage (increasing
ICRS Grade) related to Young’s modulus; the band layer
represents native human articular cartilage (Athanasiou et al.39).

Boxplots displaying median values and interquartile range.

Fig. 2. Stiffness reduction in degenerated cartilage (increasing
ICRS Grade) related to histological appearance (Mankin score).
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osteoarthritic human knee has not been determined pre-
viously. Especially, it is unclear how sensitively changes in
stiffness reflect the different ICRS Grades.
Therefore, the aim of our study was to determine

quantitatively the mechanical changes in articular cartilage
at different stages of OA degeneration. This was achieved
by a comparison of the mechanical properties and the
degeneration of human tibial plateau cartilage, assessed
both macroscopically and histologically. Improved knowl-
edge of these relationships will allow a better understanding
of the progress and development of OA and its symptomatic
appearance and enable the development of diagnostic
tools.

Method

After written approval from the local Ethic Committee,
human tibia plateaus were collected during total knee
replacement surgery from patients with knee joint osteoar-
thritis (nZ 21). All specimens were immediately rinsed in
0.9% saline solution and tested within 24 h. The cartilage
areas were classified using the score developed by the
International Cartilage Repair Society (ICRS Grade,
Table I)7. Grading was performed independently by three
blinded surgeons. Cartilage areas presenting different
stages of degeneration were selected, and two half-over-
lapping osteochondral plugs (6 mm in diameter) were taken
using an autograft tool. The cylindrical shaped plug was
taken for mechanical analysis, and the crescent shaped
plug was taken for histological analysis. This method was
chosen to avoid possible effects from the biomechanical
tests on the histological analysis. The thickness of each
cartilage sample was determined using a micrometer screw
under microscopic assessment.

BIOMECHANICAL TESTING

A custom made high-precision material testing device
(resolution 0.1 mm, 0.005 N for deformation and force,
respectively) was used to determine the mechanical
properties of the cartilage in unconfined compres-
sion11,20,21. Displacement and force are recorded using an
LVDT (Wuntronic, Munich, Germany) and a load cell
(Burster, Gernsbach, Germany). Each specimen was
compressed uniaxially between two parallel polished stain-
less steel platens in a testing chamber filled with phosphate
buffered saline. After surface contact, a pre-load of 0.003 N
was applied and allowed to equilibrate for 10 min. Then,
stepwise loads of 0.019 N were applied up to 25% strain
using 20 g weights, and the creep behavior of each sample
was recorded. When the displacement rate fell below
vdispZ 0.1 mm/s, equilibrium in stress and strain was

assumed. The Young’s modulus was calculated with
a custom-designed software algorithm from the linear range
of the stressestrain curve. Isotropic-elastic behavior of
cartilage with no fluid flow out of the tissue at equilibrium
was assumed. Each test lasted 1e2 h.

HISTOLOGICAL ANALYSIS

For histological analysis, specimen plugs were fixed in
a neutral buffered, isotonic formalinealcohol solution for
24 h. The probes were decalcified in 20% ethylenediami-
netetraacetic for 14 days and embedded into paraffin. The
specimens were then sliced in 6-mm serial slices using
a hard-cutting microtome (Polycut, Leica, Cambridge,
England), and stained with haematoxylin and eosin for
morphological measurements, and with Safranin-Orange
staining to assess glycosaminoglycan (GAG) content. The
histological appearance of the knee joints was evaluated by
three blinded, independent investigators using a modified
Mankin scoring system22 (Table II). The inter-observer
variance was calculated from the difference between
observer scores as compared to the mean for each section.
The kappa value was determined as an index for inter-
observer agreement. Areas including denuded bone (ICRS
Grade 4) were excluded from the measurement.

STATISTICAL ANALYSIS

Results were expressed as mean valuesG standard
deviation for each parameter. Comparison of the mean
values between ICRS Grades was done using a one-way
analysis of variance (ANOVA), and specific inter-group
differences between mean values were identified using the
post hoc Bonferroni test (P! 0.05). The degree of
association between Mankin score, ICRS Grade and
stiffness was expressed by the coefficient of determination
R2. The statistical analysis was performed using SPSS
Software V.11 (SPSS Inc., Chicago, Illinois).

Table I
ICRS grading based on the Outerbridge score6

Grade Property

1 Superficial lesions, fissures and cracks, soft
indentation

2 Fraying, lesions extending down to !50%
of cartilage depth

3 Partial loss of cartilage thickness, cartilage
defects extending down O50% of cartilage depth
as well as down to calcified layer

4 Complete loss of cartilage thickness, bone only

Table II
Histological and histochemical grading system for evaluation of

articular cartilage degeneration (Mankin et al.40)

Grade

I Structure
a. Normal 0
b. Surface irregularity 1
c. Pannus and surface irregularity 2
d. Clefts to transitional zone 3
e. Clefts to radial zone 4
f. Clefts to calcified zone 5
g. Complete disorganization 6

II Cells
a. Normal 0
b. Diffuse hypercellularity 1
c. Cloning 2
d. Hypocellularity 3

III Safranin-Orange staining
a. Normal 0
b. Slight reduction 1
c. Moderate reduction 2
d. Severe reduction 3
e. No dye noted 4

IV Tidemark integrity
a. Intact 0
b. Crossed by blood vessels 1
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How can mechanical aspects be considered in medicine?
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lage stiffness by mechanical indentation testing.24 Tissue
damage caused by the measurement instrument itself can-
not be clearly excluded.5,9 Thus, a diagnostic device avoid-
ing contact and using very low loading forces is desirable
to quantify the stiffness of articular cartilage.

This study introduces a novel arthroscopic device (a
water jet system) that is capable of determining different
material stiffnesses and, in particular, cartilage stiffness
qualities without tissue penetration. Furthermore, the effi-
ciency of the water jet system in detecting degenerated
cartilage lesions was validated against a standard
mechanical-testing protocol.

MATERIALS AND METHODS

Measurement Principle and 
Design of the Instrument

A method was developed to measure the mechanical stiff-
ness of biological materials without contact between the
diagnostic device and the measured object (Figure 1). The
measurement involved 2 principles: A pulsed flow of 0.9%
sodium chloride elastically deformed the surface of the
examined object, simultaneously recorded by means of an

optical device (mean error <2 µm). The force leading to the
surface deformation was defined by the product of fluid
pressure and cross-sectional area of the fluid outlet at the
instrument’s nozzle. The material stiffness was derived
from the ratio of the recorded force during testing divided
by the measured deformation depth. The units used were
newtons/millimeter.

The fluid system included a medical pump to generate
the flow of the liquid and a valve system to allow the pulse
length to be adjusted. The liquid flows through a tube sys-
tem and is accelerated in a fluid nozzle, which is designed
to work in regular arthroscopy. A coaxial optical fiber sys-
tem was connected to a unit containing a light emitter (λ =
480 nm), and a photo detector measured the distance pro-
portionally from the reflected light intensity. The distance
between the tip of the instrument and the object being
measured was monitored in real time. A PC computer sys-
tem recorded, monitored, and controlled all optical and
pressure signals during the measurement. A sampling fre-
quency of 60 Hz was used for both optical distance and
pressure signals. The instrument could be washed and
sterilized, for example, with steam (120°C).

During arthroscopy, the water jet system was inserted
with a trocar through the soft tissue and into the knee
joint. The surgeon slowly brought the tip of the instrument

Figure 1. The water jet system: schematic presentation of the measurement principle. A pulsed flow of liquid deforms the carti-
lage surface using a variable fluid impulse. The elastic deformation of the object is continuously recorded by an optical light fiber
system. The quality of native and degenerated ovine condyles was determined by stiffness measurements.
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to the cartilage surface by visual control. When a certain
distance between the object and instrument tip was
achieved (eg, 1.5 mm), the fluid pulsing was automatically
started and the cartilage deformation was monitored. The
device is designed so that if the instrument is moved too
fast, the valve responsible for the liquid impulse is closed
until the surgeon adjusts the tip of the rod to the preset
starting distance.

Calibration

The handheld part of the water jet system was mounted on
a rigid tower for calibration. The tower setup allowed a
continuous adjustment of the distance between the tip of
the measurement system and the measured object (dis-
tance = 0-3000 µm) with a micrometer screw. Fresh native
ovine cartilage samples (n = 8) were chosen for calibration.
The samples were potted in polymethylmethacrylate and
positioned underneath the water jet system. The absolute
distance between the cartilage surface and the instrument
tip was increased in micrometer steps, whereas the mag-
nitude of reflected light was permanently recorded. An
inverse linear correlation within the range of 1 mm to 2.5
mm was found between the absolute distance and the
amount of light reflected (Figure 2). Physically, the maxi-
mum measurement range was determined by the mini-
mum of light collected by the photo detector. The lower
limit of the measurement range was determined by the
reflective characteristics of the optical fiber.

Simulated Arthroscopy

In the first experiment, 5 independent users measured a
rubber specimen with a defined stiffness of 1 N/mm which
was placed in a water bath. The specimen was measured

using the water jet system to mimic an arthroscopical
setup and using a trocar. The system was used in a hand-
held configuration to examine the intraobserver and inter-
observer variability. Each user was asked to measure the
stiffness of the standard probe in 10 consecutive repeti-
tions. The means and standard deviations were then cal-
culated for each user. The standard deviation of the con-
secutive measurements of a single user was defined as
intraindividual variability of that user’s measurements.
The variation of the mean of all users was defined as
interindividual variability.

The nozzle of the measurement tip was designed to focus
the fluid impulse and to avoid cavitation, which can influ-
ence the optical device. The examined area of the object
measured 2.5 mm2 (mean), depending on the distance
between the surface and the instrument. The fluid flow
was limited to approximately 0.5 m/s by restricting the
pressure to 200 MPa. Applied fluid loads were validated by
tests on different elastomer rubber elements with stan-
dard stiffness of 1 to 10 N/mm (1 N/mm per step).

Comparison With Material Testing Device

To compare the measurements of the water jet system with
those from a standard material-testing machine, 8 non-
paired knees (merino-mix sheep, 2 years) were collected
and stored at –20°C until testing. The medial femoral
condyle and the lateral tibia plateau were potted in poly-
methylmethacrylate (native group) to ensure alignment of
the cartilage specimens during measurement using differ-
ent devices. Before potting, the lateral femoral condyle and
medial tibial plateau of the degenerated group were placed
in a 0.1% trypsin solution (Merck KG, Darmstadt,
Germany) at 37°C for 48 hours. Trypsin reduces the con-
tent of proteoglycans in cartilage and is thought to simu-
late cartilage degeneration.2,21 The concentration and
duration of the treatment were selected according to pre-
viously published protocols to allow comparisons between
studies.8,19,21 During mechanical testing, the specimens
were rinsed with 0.9% sodium chloride.

First, cartilage stiffness was nondestructively deter-
mined using the water jet system. Reproducibility of the
water jet system measurements was examined by repeat-
ing the jet impulses 6 times for each specimen. Second, car-
tilage stiffness was determined during indentation on a
material-testing machine (Fmax 10 N, Zwick 1455, Ulm,
Germany) using a plane-ended, impermeable inden-
ter.2,11,25,28,31 After each deformation, the indenter was held
for 300 seconds, allowing the tissue to relax. Both mechan-
ical tests were conducted in an identical position, the most
prominent convex site of each sample. The thickness of
each cartilage sample was determined by a needle pene-
tration test (accuracy: ±10 µm) after indentation.

During indentation on the material-testing machine, the
Young’s modulus (ES) was determined from the equation of
Hayes et al12 for a single-phase elastic material:

(1)
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Figure 2. Magnitude of light reflection (voltage of a photo
detector) related to the distance in µm between instrument
tip and object surface. The upper (Max) und lower (Min) lim-
its of the measurement range were determined by the linear
section of the reflected light and measured distance.

E =
F (1-ν2)
2aωκ 5



2) Therapeutics
How can mechanical aspects be considered in medicine?

• prevention of fracture (car accident, sport traumatology, …) 
• implant design (orthopedic, cardiac valves, …) 
• tissue differentiation 
• physical medicine 
• prevention of disease (osteoporosis) 
• drug delivery 
• muscle biomechanics 
• brain model (damage) 
• tissue engineering 

• stiffness of matrice affects cell behavior 
• functional tissue engineering + permeability
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Biological tissues are stressed and deformed when 
a force or moment is applied
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Continuum mechanics concepts should be considered
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Basic concepts of continuum mechanics

• Conservation laws 
• linear momentum 
• angular momentum  
• mass 
• energy 
• entropy inequality
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The mathematical “nature” of a stress 
and a strain is a second order tensor

Wikipedia
e1

e2

e3

: stress tensor components
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Conservation of the linear momentum
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Conservation of the linear 
momentum (surface to volume integration)

σ

σ

σ σ
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Conservation of the linear 
momentum (localisation)

σ

σ
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Conservation of the angular momentum: 
graphical interpretation

e1

e2

σ11-σ11

σ22

-σ22

σ21

σ12

The satisfaction of the angular conservation momentum imposes: 
σ = σT 
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Conservation of the angular momentum
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Conservation of the 
angular momentum (math development)
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Conservation of the 
angular momentum (math development)

dV
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Conservation of the 
angular momentum (math development)
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Conservation of the 
angular momentum (math development)



Biological tissues are stressed and deformed when a 
force or moment is applied
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σ = σT
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Cauchy momentum equation
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One important aspect of biomechanics is then to 
characterise tissues through constitutive laws
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Biomechanics at the tissue level

i) Continuum mechanics (conservation laws)

ii) Constitutive laws (linear, non-linear)
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Hooke’s Law in 1D
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€ 

σ =Eε
e1

e2

e3

!!! = !!!!!

E: Young’s modulus



Hooke law in 3D (symmetries of the stiffness tensor C)
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General linear relationship between the stress and the strain (81 parameters)

Symmetry of the stress and corresponding strain tensors (36 parameters)

σij = Cijkl εkl

Cijkl -> Cαβ



Matrix notation of Hooke’s law (Voigt notation)
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Hooke law in 3D (symmetries of the stiffness tensor C)
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Stress derived from a strain energy function U (21 parameters)

Cαβ -> Cβα
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Hooke law in 3D (material symmetry)
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Orthotropic
(3 plans)

Isotropic
(no symmetry)

Nucleus
pulposus

Transversely isotropic
(1 direction perpendicular to a plan)

e1

e2

e3



Hooke law in 3D (material symmetry)
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Isotropic material -> isotropic stiffness tensor (2 parameters):

Cijkl = λδijδkl + μ(δikδjl + δilδjk) δ: Kronecker symbol

λ and μ are 2 scalars called Lamé constants
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Tensorial formulation for linear elastic 
isotropic material 

28

σ = λ(trε)I+ 2με
trε = ε11+ ε22+ ε33 
I : tensor identity

link with “usual” E (Young’s modulus) 
σ33 = Eε33?



Hooke law in 3D (material symmetry -> isotropy)
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Relation between the different isotropic 
elastic linear parameters
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Relation between the different isotropic elastic linear parameters
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Tissue mechanics, Cowin, 2007



Hooke law in 3D (material symmetry)
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Transverse isotropy
(1 direction perpendicular to a plan)

Orthotropy
(3 plans)

Isotropy
(no symmetry)

Nucleus
pulposus

e1

e2

e3



Hooke law in 3D (material symmetries -> 
transversely isotropic)
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Material symmetry (anisotropy e.g transverse isotropy -> 5 parameters)

Ep, νp: Young modulus and Poisson ratio in the plane of isotropy
Et, νt: Young modulus and Poisson ratio in the transverse direction (axis of symmetry)
Gtp: shear modulus in the plane of isotropy



Material symmetries of different tissues
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i) Isotropic -> cartilage ???

ii) Transverse isotropic -> ligament, tendon, bone?

iii) Orthotropic -> bone?



Material symmetries of different tissues
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sagittal view tendon  force

femora-patella contact force



One important aspect of biomechanics is then to 
characterize tissues through constitutive laws
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The compressive behaviour of the meniscus samples depend on 
their location and deformation 

source: Helena and Hull, JOR, 2008

for equilibrium and 53 of 60 (88%) specimens for loading at a
physiological rate.

A two-factor repeated measures ANOVA model using SAS
software (Cary, NC) was used. Independent variables were
direction (axial and radial) and region (anterior, central, and
posterior). Because the variance generally increased with
increasing modulus, a logarithmic transformation was made
on the moduli that resulted in approximately equal variance.
The dependent variables were the logarithms (base 10) of the
compressive moduli at equilibrium and at the physiological
strain rate for 3%, 6%, 9%, and 12% strain. The statistical
analysis for each loading condition and strain level was run
separately for a total of eight ANOVAs. Preliminary ANOVAs,
which included the region! loading direction interaction term,
revealed that all interaction terms were not significant
(p> 0.05). Accordingly, the interaction term was suppressed
to increase the degrees of freedom in the error term. Level
of significance was set to 0.05. When differences were detected,

Tukey’s test was used to determine significantly different
treatments.

RESULTS
At equilibrium, the axial and radial compressive moduli
were similar (p"0.22) except at 6% strain where the
compressive modulus in the radial direction was
significantly greater than that in the axial direction
(p¼ 0.03, Table 1). Averaged over the three regions at
6% strain, the modulus in the radial direction was
47.8 kPa compared to 31.4 kPa in the axial direction. At
a physiological strain rate, the axial and radial moduli
were similar at all strain levels (p" 0.29, Table 2).
However the modulus at a physiological strain rate was
considerably greater than that at equilibrium. Averaged
over both loading directions and the three regions, the
modulus at a physiological strain rate was 2.6 times
greater at 3% strain and 8.3 times greater at 12% strain
than the compressive modulus at equilibrium.

The compressive moduli were not significantly
affected by region at equilibrium at all strain levels
(p" 0.09), but were significantly affected by region at a

Figure 3. Sample fit of stress equilibrium values for four strain
levels (3%, 6%, 9%, and 12%) of an anterior specimen loaded in the
axial direction to find parameters A and B of Fung’s two-parameter
exponential model.

Figure 4. Typical stress-strain curve of the ramp portion of the
displacement-time curve for a stress-relaxation test and a least
squares fit using Fung’s two-parameter exponential model for a
posterior region specimen loaded in the axial direction. The
parameters A andB determinedwere usedwith themeasured stress
at 12% strain to calculate the compressive modulus at the
physiological strain rate.

Table 1. Compressive Moduli (kPa) at Equilibrium as
Average (Standard Deviation)

3% Strain

Axial Radial p¼ 0.22

Anterior 37.3 (34.0) 41.8 (46.9)
Central 22.9 (15.2) 21.3 (9.2)
Posterior 25.0 (44.6) 33.9 (34.0)
p¼ 0.45

6% Strain

Axial Radial p¼ 0.03*

Anterior 52.4 (47.3) 69.1 (62.6)
Central 30.2 (22.8) 18.7 (3.1)
Posterior 11.5 (5.8) 55.7 (52.1)
p¼ 0.09

9% Strain

Axial Radial p¼ 0.66

Anterior 72.9 (77.7) 41.0 (41.7)
Central 46.0 (28.9) 28.4 (17.5)
Posterior 36.5 (51.9) 56.3 (78.2)
p¼ 0.82

12% Strain

Axial Radial p¼ 0.58

Anterior 137.6 (169.8) 102.8 (131.5)
Central 79.7 (77.6) 29.0 (19.1)
Posterior 32.8 (46.2) 96.6 (121.3)
p¼ 0.30

An * denotes a significant effect (p<0.05).

COMPRESSIVE MODULI OF THE HUMAN MEDIAL MENISCUS 953

JOURNAL OF ORTHOPAEDIC RESEARCH JULY 2008

Ringer’s solution-soaked gauze, and frozen until sample
preparation.

For testing, each meniscus was cut into three regions
(anterior, central, and posterior) with equal arc lengths in the
circumferential direction. Two 2-mm cubic samples were
prepared from themiddle of each region using a custom cutting
device (Fig. 1), consisting of a freezing stage (Hacker Instru-
ments, Fairfield, NJ) and a clampwith a 2-mmcutting guide for
parallel cuts. Each specimen started from a radial section of
the intact meniscus that was frozen tibial side down on the
freezing stage to ensure axial orientation. After the first set of
parallel cuts, two more sets of cuts were made by flipping the
tissue 908. The axial and radial directions were marked with
waterproof ink.

Unconfined compression testing was performed using a
servohydraulic materials testing system (Model 858; MTS,
Minneapolis, MN) with a 10-N load cell (Model SMT1-2.2;
Interface, Scottsdale, AZ; !0.05% accuracy). To minimize
desiccation, sampleswere immersed inRinger’s solutionduring
testing. Nonporous Teflon plates were used in the load train
to decrease boundary traction between the test platens and
the sample.

For testing, samples were thawed at room temperature and
allowed to equilibrate in the Ringer’s solution at room temper-
ature (748F) for 30 min.12,16 One sample from each region was
tested in the axial direction and the second sample in the radial
direction. Prior to testing, specimendimensionsweremeasured
with a digital micrometer (Mitutoyo, Minato-ku, Tokyo, Japan;
resolution¼!0.001 mm) to calculate cross-sectional area and
gage length. The dimensions measured with the micrometer
were within 0.1mmof the dimensionsmeasured from an image
of the specimen. The image was taken by a video camera with a
50-mm lens andan image sensor containing 768# 494 elements
(model 4910; Cohu, San Diego, CA). Images were captured
using a framegrabber card (model LG-3; Scion, Frederick, MD)
and processed using Scion Image software (resolution¼
0.01 mm).

On each of four consecutive days, the sample was precondi-
tioned at one of four randomized strain levels (3%, 6%, 9%, or
12%) for 10 cycles at a displacement rate of 0.63 mm/s.17 A
stress-relaxation test was then performed at the same strain
level as that for preconditioning. Equilibrium was defined as
<1% change in stress over 1 min. The 12% strain level was an
estimate of a physiological strain experienced in the axial and
radial directions.18 The average circumferential strain in
the three regions was added to two standard deviations
and then divided by a Poisson’s ratio of 0.5 for incompressibility
of the tissue. The strain rate of 32%/s was the estimate of 12%
strain divided by the time for single-leg stance (0.38 s)19; the
corresponding displacement rate for a 2-mm sample was
0.63 mm/s.

Displacement and load data were sampled at 250 Hz; the
length of each test with preconditioning was 22min, more than
sufficient to reach equilibrium (Fig. 2). Between tests, the

sample was wrapped in Ringer’s solution-soaked gauze and
refrigerated overnight for recovery.

Data Analysis
The compressive moduli at equilibrium in the two directions at
the four strains (e) were determined by calculating stress (s)
from the equilibrium load divided by the initial cross section. A
stress-strain curve was plotted using the stress for each strain
level. A nonlinear least squares regression using Fung’s two-
parameter exponential model20:

s ¼ A$ðexpðe$BÞ ' 1Þ ð1Þ

was used to determine the parameters A and B (Fig. 3). The
modulus was calculated from A and B and the rate of change of
stress with strain:

ds=de ¼ Bðsþ AÞ ð2Þ

The compressive modulus at a physiological strain rate for
the four strain levels in the axial and radial directions was
determined from the load and displacement data in the ramp
portion of the displacement-time curve for the 12% strain level
stress-relaxation test. For each time point that data were
sampled, stress was calculated as described above and strain
was calculated using the initial gage length. From a nonlinear
least squares regression of the resulting stress-strain curve
(using Equation 1), A and B were determined (Fig. 4). The
compressive modulus at each strain level was calculated from
Equation 2.

To determine whether the compressive moduli in the axial
and radial directions were equal at equilibrium and for the
physiological strain rate, and to determine whether the moduli
were affected by region, statistical analyses were performed.
The acceptance criterion for parameters A and B and the
resulting modulus to be used in the analyses was a goodness of
fit with an R2> 0.70. This resulted in 49 of 60 (82%) specimens

Figure 1. Diagram showing the locations and orienta-
tion of test specimens. Two 2-mm cubic specimens were
prepared from each region of the medial meniscus and
loaded in the axial and radial directions.

Figure 2. Sample stress-relaxation plot after 10 cycles of
preconditioning on an anterior specimen loaded in the axial
direction. The stress equilibrium, defined as <1% change in stress
over 1 min, was determined for each of the four strain levels for a
single specimen and curve-fitted with Fung’s exponential to find
parameters A and B (Fig. 3).
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As well, the ligaments which work under traction, show a non-
linear tensile behaviour

source: Biomechanics of the musculoskeletal injury,W. Whiting and R. Zernicke, 1998

http://www.biochemj.org/bj/361/0689/


Soft tissues biomechanics represent a challenge as these 
tissues have usually a non-linear mechanical behaviour

39

As a background, ACL rupture is frequent in the young and active population



The choice of the treatment is not clearly defined

40

Rupture of the ACL
• Knee instability
• Loss of sensorial role

Arthrosis

If not treated Treated

Stability restored

Inconsistant results

Arthrosis

(?)



There are several surgical approaches for the treatment
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Techniques

• Over-the-top, Macintosh 
• Simple (a), double (b) 
• Standard, arthroscopy I. Etat de l'art: ingénierie tissulaire du Ligament Croisé Antérieur (LCA)

6. Ingénierie tissulaire du LCA

6.1. Historique et applications de l'ingénierie tissulaire

Il est difficile de discerner nettement les premières apparitions de l'ingénierie tissulaire, tant les 

domaines de recherches qui y sont impliqués sont nombreux et parfois anciens. En effet, la culture 

ou l'étude de l'activité des cellules,  l'étude des facteurs  de croissance,  la  chimie des polymères 

biodégradables et les procédés de fabrication tridimensionnels associés, la libération progressive de 

molécules  actives,  l'immunologie  appliquée,  la  mécanique  des  tissues  biologiques,  les  études 

biomécaniques  du  système  articulaire  ou  encore  les  capteurs  à  usage  biomédical  et  leurs 

applications  sont  autant  de  domaines  antérieurs  et/ou  contemporains  au  concept  d'ingénierie 

tissulaire et qui ont permis l’émergence de celui-ci. Cependant, on peut affirmer que l'apparition de 

l'ingénierie  tissulaire  est  issue  d'une  problématique  clinique :  la  réparation  d'un  organe  par   

autogreffe pose des problèmes relatifs au site donneur, les allogreffes sont disponibles en quantité 

limitée  et  entraînent  des  réactions  immunitaires  indésirables,  et  enfin  l'utilisation  de  tissus 

synthétiques a souvent montré des limites tant au niveau de leurs performances mécaniques que de 

50

Illustration I 12: Visualisation des tunnels et des fixations d'une reconstruction à double faisceau obtenues à  
partir de résultats de tomographie 3D. (a) vue postérieure (b) vue sagittale (c) vue dans le plan transversal.



The type of grafts and the rehabilitation programs are also 
diverse 

42

Type of grafts

• Auto, allo or artificial grafts 
• Patellar tendon, semi-tendinous

Rehabilitation

• Rapid mobility, rest 
• Partial, complete mobility 
• Use of brace, tape



A biomechanical description of the ligament is then useful 
for divers reasons
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•  Mechanical role of the ligament

•  Kinematics of the knee

•  Global model of the knee

•  Improvement of surgical technique

•  Input for a biological description



We want to perform mechanical tests on a ligament to 
obtain a “stress-strain” curve 
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We first have to evaluate the parameters which may 
influence the stress-strain curves
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EM image highlighting 
the importance of the specimen 
orientation before performing 

a biomechanical test

•  age
•  sex
•  temperature
•  hydration
•  conservation mode
•  orientation
•  ...



Stress-strain curves are experimentally obtained
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Experimental stress-strain curve of a human ACL 
specimen
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Elastic identification
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 (4.6)

Condition d) 

Condition e)

The elastic potential (4.1) with constant α = 103.91 and β = 0.33 is not convex (Figure
4.2.). The elastic potential, therefore must be rejected. This entire procedure was
repeated with different potentials. In APPENDIX B, we present the tested potentials
with the conditions satisfied and not satisfied. None of these different potentials
satisfied the five necessary conditions. Hence, it seems, despite the fact that some
potentials result in very nice curve fits, that the shape of the stress-strain curve
renders the simultaneous fulfillment of the five conditions impossible. 

P11 P11 F11( )= 2αF11 β β2 F11 2C22 3–+( )
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Figure 4.1  Identification of the parameters α and β using a least square fit (plain line) 
of the experimental stress-strain points (dot points).
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Figure 4.2  Convexity of the elastic potential We (4.1) in function of C11 and C22 (C33 = 
1.2 in this example).
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Identification theory-experiment
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1) Linear elasticity
2) Non-linear elasticity

Elastic modulus: one figure 
(Young modulus)

Strain

St
re

ss Experiment
Theory

1) Linear elasticity

Human PCL: 

• Butler, 1986: 345 ± 107 MPa 
• Race, 1994: 248 ± 119 MPa
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The linear elastic description is restrictive
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curve 1 ≠ curve 2 
Young modulus 1 = Young modulus 2

Déformation

Co
nt
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Strain

St
re

ss
 [M
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]

Patellar tendon 
Young modulus

Dog Human
360 MPa

(Burks, 1990)

337 MPa
(Flahiff, 1994)



The non-linear elastic description allows to describe the 
entire stress-strain curve
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Elastic modulus:  
mathematical function

2) Non-linear elasticity
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The stress-strain curve is described 
through an exponential function

51source: D. Pioletti, Europ J Mechanics, 2000
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 (4.6)

Condition d) 

Condition e)

The elastic potential (4.1) with constant α = 103.91 and β = 0.33 is not convex (Figure
4.2.). The elastic potential, therefore must be rejected. This entire procedure was
repeated with different potentials. In APPENDIX B, we present the tested potentials
with the conditions satisfied and not satisfied. None of these different potentials
satisfied the five necessary conditions. Hence, it seems, despite the fact that some
potentials result in very nice curve fits, that the shape of the stress-strain curve
renders the simultaneous fulfillment of the five conditions impossible. 

P11 P11 F11( )= 2αF11 β β2 F11 2C22 3–+( )
β3
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Figure 4.1  Identification of the parameters α and β using a least square fit (plain line) 
of the experimental stress-strain points (dot points).
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Figure 4.2  Convexity of the elastic potential We (4.1) in function of C11 and C22 (C33 = 
1.2 in this example).
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(4.13)

Condition d)

P11 P11 F11( )= αβ 2 β F11
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Figure 4.3  Identification of the parameters α and β using a least square fit (plain line) of the 
experimental stress-strain points (dot points) (incompressible assumption).
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Biomechanical aspects are involved in most 
musculoskeletal conditions

Dynamical situation

Viscoelasticity

Mechanical
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Traction tests performed at different strain rates highlight the 
viscoelastic behaviour of the ligament
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1) Linear elasticity
2) Non-linear elasticity } Not enough to explain the 

observed ligament rupture

3) Non-linear Viscoelasticity
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The viscous part is determined on the curves 
obtained at different strain rates
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Soft tissues biomechanics represent a challenge as these 
tissues have usually a non-linear mechanical behaviour
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As a background, ACL rupture is frequent in the young and active population



Once the rupture of the ligament is confirmed, it may 
be necessary to repair it

57

-> ligamentoplasty

One-bundle 
graft

Double-bundle 
graft



The surgery can be performed in an 
arthroscopic approach

58

I. Etat de l'art: ingénierie tissulaire du Ligament Croisé Antérieur (LCA)

et sont désormais utilisées de façon routinière dans un nombre croissant de services [Unwin2010]. 

Comme le faisceau AM du LCA est plus tendu en flexion et le faisceau PL en extension, le premier  

faisceau est généralement posé à 45-90° de flexion et le second à 0-20° de flexion  [Unwin2010]

[Kato2010]. De manière à respecter plus fidèlement l'anatomie du LCA, la greffe doit être plus 

large pour la reconstruction du faisceau AM que pour le faisceau PL [Smith2009][Katouda2011].

 Des données à long terme concernant l'issue des reconstructions à deux faisceaux ne sont, pour 

l'instant,  que  peu  disponibles  [Lattermann2005][Zantop2006][Shen2007][Unwin2010]

[Plaweski2011],  mais les premiers résultats semblent montrer une supériorité significative de la 

reconstruction anatomique à double faisceau sur les reconstructions classiques, en particulier pour 

ce  qui  touche  au  rétablissement  de  la  cinématique  du  genou  [Smith2009][Yasuda2010]

[Plaweski2011].

Néanmoins,  dans les différents types  de protocoles et  de sources d'autogreffes détaillés ci-

dessus,  il  est  nécessaire  de  modifier  des  tissus  sains  pour  réparer  un  tissu  lésé,  démarche  qui 

n’exclut pas le risque d’obtenir deux tissus moyennement recouvrés  [Dargel2007]. En effet,  des 

douleurs au niveau du site donneur apparaissent pour des reconstructions utilisant le tendon rotulien 

[Karmani2003a], et une atrophie du muscle ou des tendinites ne sont pas à exclure dans les mois 

suivant l'intervention pour les autogreffes en général, ce qui induit des périodes de réhabilitation 

prolongées [Vunjak-Novakovic2004]. Ces complications au niveau du site donneur constituent une 

limite inévitable à l'utilisation de greffes autologues.

49

Illustration  I  11: Intervention utilisant  le DIDT dans le  cas  d'une reconstruction à double faisceau.  (a)  
Faisceaux AM et PL utilisés: ici, une fixation unique est utilisée pour l'insertion fémorale. (b) Dispositif  
chirurgical lors de l'intervention (c) Vue arthroscopique durant l'intervention. Adapté de [Kato2010].

Kato, 2010



To evaluate the outcome of a complicated 
biomechanical situation, a numerical analysis is often 
used

59



How do we evaluate the success of a ligamentoplasty 
in general and in particular from a biomechanical point 
of view?

60

 iHealthSpot, Inc

Good?

Not good?



Finite Element Analysis

61

5 steps are necessary

1. Geometry (obtained by MRI or CT)

2. Constitutive laws (mechanical behaviour)

3. Boundary conditions (force or displacement)

4. Meshing

5. Resolution of conservation laws (numerical solver)

-> evaluation of the outcome chosen parameter (in 
our case, the contact pressure)



Finite Element Analysis
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 1. Geometry (obtained by MRI and/or CT)



Finite Element Analysis
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 2. Constitutive laws (mechanical behavior)

Bone -> λbone, μboneσ = λ(trε)I+ 2με->-> linear elastic isotropic

Cartilage -> λcart, μcartσ = λ(trε)I+ 2με->-> linear elastic isotropic

Meniscus -> λmenis, μmenisσ = λ(trε)I+ 2με->-> linear elastic isotropic
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Graft -> αgraft, βgraft-> non-linear elastic isotropic ->

Linear
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Non-linear



Finite Element Analysis
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 3. Boundary conditions (force or displacement)

source: Prof.. K. Aminian (LMAM/EPFL)

source: Analyse du mouvement, Prof. L. Cheze

http://www.biochemj.org/bj/361/0689/
http://www.biochemj.org/bj/361/0689/


Finite Element Analysis
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 4. Meshing

Hard tissue (bone) Soft tissues Full model



Finite Element Analysis
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 5. Resolution of conservation laws (numerical solver)

Medial tibiofemoral Lateral tibiofemoral Femoropatellar

Contact pressure in the different knee compartment

Native ACL

No ACL Double bundle graft

One bundle graft



One important aspect of biomechanics is 
then to characterise tissues through 
constitutive laws
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Elasticity represents only a limited part of 
the material behavior

68

• linear elasticity 
• non-linear elasticity 
• viscoelasticity 
• poroelasticity 
• poroviscoelasticity 
• plasticity 
•


