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Summary

There is a wealth of data published on the biomechanical properties of intra-articular tissues.
However, much of this information is not intuitively applicable to clinical practice due to both
methodological disparity between studies and the relevance of the methodology used to test
the biomaterial. This inevitably results in comparison difficulties with other experimental data
produced for the same tissue, or indeed different tissues.

Therefore, this review highlights the salient issues that need to be considered when trying to
interpret biomechanical testing scenarios and how they influence clinical practice. As such,
different testing protocols and their clinical relevance are scrutinised. The importance of re-
creating the physiological loading conditions and the interpretation of the functional anatomy
are highlighted.
ª 2008 Elsevier Ltd. All rights reserved.
Introduction

Clinical application of mechanical testing data of intra-
articular biomaterials has been hampered by significant
inconsistencies in the selection of testing environment,
preconditioning conditions and loading protocols, and the
presentation of measured variables. The physiological basis
for these testing environments and protocols is often not
apparent. Indeed, how mechanical terms relate to clinical
scenarios also lacks clarity. Clinical questions of interest
.uk (A.M.J. Bull).
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may include how tissues of interest function during normal
physiological loading, how their biomechanical function
translates into native tissue loading, and hence the desir-
able properties of reconstructed tissues and the loads that
they should carry.

At present there are many different testing protocols;
this makes it extremely difficult to interpret or compare
and contrast results from different research groups.
Protocols frequently bear little relation to the in-situ
function of the whole tissue, which is the interest of the
clinician. The ideal would be to conduct in-situ testing, but
this is prone to significant errors due to experimental
intricacy and practical or ethical limitations, and is thus
rarely practiced. Therefore, intra-articular tissues are
.
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primarily tested in-vitro, although it must be remembered
that this is outside their normal biological and mechanical
environment. In order for the resulting data to be clinically
relevant, experimentation must take place in an environ-
ment recreating physiological conditions and physiological
loading rates.

An example of the huge variation in results obtained can
be seen for the tensile elastic modulus of human meniscal
tissue, as presented in the literature. This ranges from 100
to 300 MPa for circumferential samples,1e3 demonstrating
how the testing regime and environment can increase the
result three-fold.

Functional anatomy

To understand the relevance of specific mechanical
measures that are presented for each material, the normal
physiological loads placed on intra- and peri-articular soft
tissues must first be understood. Biological materials are
anisotropic, viscoelastic and inhomogeneous, so different
results may be produced for the same tissue. This is
dependent on the direction of force application (longitu-
dinally, transversely or radially), the type of force applied
(tensile, compressive or shear), the layer within the
structure that is tested (articular surface or mid-substance)
and the loading history or rate of loading. The most useful
data are the biomechanical properties of the tissue in
a situation that mimics its normal role within the joint.
However, inconsistencies arise due to the difficulty in
determining these parameters. Despite these inconsis-
tencies, a number of different methods of approximating
some of the biomechanical variables have been presented.

Joint reaction forces can be estimated using equilibrium
analyses that usevariables suchas muscle physiological cross-
sectional areas,4e7 and the measurement of muscle moment
arms from cadaveric studies.8,9 However, this produces
a static appreciation and does not account for differing
patterns of muscle recruitment. By combining these tech-
niques with EMG studies,10,11 and predicting muscle forces
using mathematical optimisation techniques12e14 a more
dynamic picture can be built. Even with this added informa-
tion, load rates and thedirections in which these forcesact on
the intra-articular tissues are difficult to predict.

Other methods have been used to measure tensions in
soft tissues in-vivo. This usually entails placing a transducer
that deflects the path of the load-bearing fibres. This was
first described in animal models15e17 using a pressure
transducer placed in a split within the tendon, and limited
studies have been performed in humans.18e21 Direct muscle
force measurements have also been obtained within the
shoulder musculature.22

Mathematical models can assist in calculating muscle
and joint forces, but the theoretical ideal is a direct
method of measuring joint reaction forces. Pressure
transducers placed within joints in-vivo are a possible
solution. Obviously this data is sparse, but has been ach-
ieved within inter-vertebral discs.23,24 Data has also been
obtained in some prosthetic joint replacements, mainly
within the hip25e31 and more recently from the gleno-
humeral joint32,33 and knee.34 Transducers within pros-
theses can measure the forces on joint surfaces during
everyday activities. It is therefore possible to know what
loads are encountered during specific activities in both
magnitude and direction and at what rate these forces load
articular tissues. In conjunction with data relating to
contact areas and cartilage properties,35,36 it is possible to
estimate the stress on the articular cartilage and the
loading rates involved. However, there are problems with
data collected in this way; it will only give the gross force
applied to the joint surface and is not able to supply
information on the distribution of the force along each axis.
Also, because the transducer is within a prosthetic implant
or inside a tendon, it will undoubtedly change the charac-
teristics of load transmission by the tissue within the joint.

By examining the anatomy of intra-articular tissue, data
on the collagen bundle orientation, locations of ligamen-
tous attachments, anchoring mechanisms, blood supply and
nerve receptors can be obtained.37e40 This not only gives
information about likely forces passing through the tissue
and its associated structures, but may explain other func-
tions such as proprioception41e43 and the potential for
healing after injury. X-ray diffraction and polarised light
microscopy can demonstrate the orientation and crimping
of collagen fibrils within articular tissue, as well as split
lines indicating the orientation of the highest tensile
strength.44e46 The anisotropy of intra-articular tissue has
been demonstrated47e49 and by interpreting these biome-
chanical results with a knowledge of the collagen micro-
structure, a picture of the structural behaviour of the tissue
can be built.3,50

Imaging of the fine structure of tissues can give an
indication of the function of the tissue by demonstrating
the type, configuration and orientation of the collagen
network within the tissue. For example, in addition to
conventional histology, SEM studies can demonstrate
distinct layers within the substance of a tissue. This has
been shown for the glenoid labrum,51,52 the meniscus,53 the
hip labrum54 and articular cartilage.55,56

At a smaller scale Transmission Electron Microscopy
(TEM) allows collagen fibril density and morphology to be
examined, which relate to tissue properties.51,57e60

By interpreting the gross anatomy, histology and SEM
findings, an appreciation of the functional anatomy of the
tissue in question can be created prior to experimentation
in-vivo.

Relating testing to physiological function

Testing regimes can be used to derive the compressive,
tensile and shear properties of a material. It is important to
understand the predominant function of the tissue being
tested; for example the results of compressive testing of
tendons offers little information to the clinician, because
tendons usually function in tension. However, tendons that
act by wrapping around bone such as the biceps tendon of
the shoulder must also be able to resist transverse
compression. Thus, it is important to state the specific
scenario modeled. More intuitively, compressive testing is
useful for compressive load bearing tissue such as articular
cartilage, but it must be remembered that during localised
compression the surrounding cartilage tissue will be subject
to radial and circumferential tension and shearing.

Tensile testing must be conducted along the axis of force
anticipated within the in-situ tissue; indeed, many biological
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tissues can accommodate significant tensile load along one
axis of loading, although failure at lower loads is seen if the
optimal axis is not identified.

Shear testing can also be performed in compression or in
tension. However, the multidirectional nature of loading
and the complex soft tissue deformation induced can be
difficult to interpret.

Structural and material properties

The most widely used method to look into the behaviour of
tissues under load is the quantification of their structural
and/or material properties.

When a tissue is subjected to a load it deforms. Uniaxial
testing machines are commonly used to test materials
under compressive or tensile loads. The output of a tensile
or compressive test from such machines is a load-extension
curve. This curve is dependent upon the material itself, but
also upon the dimensions of the sample tested. For
example, a whole tendon will break under a higher tensile
load than the same tendon of half the thickness. Therefore,
the load-extension curve provides information about the
specific sample tested. This is information on the structural
properties of the sample.

It is often useful to normalise for the dimensions of the
specimen and acquire the material properties of the tissue.
These are independent of the dimensions of the specimen
tested and unique for the same tissue. To normalise for the
thickness a measurement of stress is used and to normalise
for the length a measurement of strain is used. Stress is the
force divided by the cross-sectional area of the specimen
and strain is the elongation of the specimen divided by its
original length. So, a whole tendon will break at the same
stress level as a sample of the same tendon which is half the
thickness (Fig. 1).

The curve can be divided into several areas. At small
loads the tissue behaves non-linearly; this region of non-
linearity is referred to as the toe region. It has been shown
that resting collagen fibres are crimped when relaxed.61 In
addition, due to the size of the attachment area of
a structure such as a ligament, changing joint posture may
stress

strain

yield point

ultimate strength

toe region linear
portion

Figure 1 Demonstrates a typical stress-strain curve for
a tensile test on an intra-articular tissue specimen.
cause differing patterns of fibre slackening or tightening
across the cross-section. Therefore, within the toe region,
the collagen fibres are both un-crimped and also recruited
in transmitting the applied load.61

Once the linear portion is entered, all the fibres are
extended equally and there is a direct proportional elon-
gation of all the fibres with respect to the load applied.
Failure of some part of the structure starts to occur at the
yield point, sy, and the linear relationship between stress
and strain, and reversible behaviour, are lost. This may
result from failure of the load-bearing collagen fibres, or of
the substances linking the fibres to each another. However,
the sample will continue to withstand further loading until
the maximum or ultimate strength of the tissue, su , is
reached, after which catastrophic failure occurs.

Several different measures of a specimen’s material
properties are presented in the literature, commonly ulti-
mate stress, the strain at ultimate stress and the Young’s
modulus. The Young’s (or elastic or tangent) modulus is
a measure of stiffness, defined as the slope of the linear
portion of a stress-strain curve. However, previous loading
conditions and the testing speed can significantly affect the
elastic modulus of a viscoelastic material such as intra-
articular tissue. This makes comparison between samples
tested at different loading rates or a different loading
history impossible.

Ultimate stress, or the strain at ultimate stress, reflect
pathological loads where the tissue is failing and therefore
do not reflect the function of the tissue during physiological
activities. It has been suggested that normal daily activities
actually take place within the toe-region,62e64 but as this
area is non-linear and ill-defined, standardised data cannot
easily be drawn.

Time dependency and loading history

As all intra-articular tissues are viscoelastic, they demon-
strate creep and stress relaxation. Creep is produced when
a material is kept under a constant load and the dimensions
of the material change with time. Undoubtedly all joints
undergo creep; the most obvious example would be static
standing for a period of time allowing a gradual deforma-
tion of the cartilage in any of the weight bearing joints of
the lower limb (Fig. 2).

Stress relaxation is shown when a material is held at
a constant deformation and gradually requires less force to
maintain this configuration as time progresses. Cyclical
stress relaxation can also be demonstrated, when the peak
load reached decreases at the same position of elongation,
as the number of cycles applied increases. Again this will
occur during repetitive movements in day-to-day activities.

Both creep and stress relaxation are likely to aid in
conditioning the tissues to prolonged force or elongation,
reducing the stress in the tissues to avoid fatigue failure.
These two mechanisms will occur simultaneously within the
joint and will precondition the tissues by altering their
performance.

When cyclical loading is performed on a viscoelastic
material a hysteresis loop is produced. This represents the
difference in the energy needed to load and unload the
material and the area of the loop equals the energy dissi-
pated as heat. If cyclical loading is continued, subsequent
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Figure 2 Diagrammatic representation of Creep and Stress relaxation for a viscoelastic material.
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hysteresis loops become progressively closer in the amount
of extension with load, until a quasi-static state is achieved
and the material has been preconditioned.

Pre-cycling demonstrates that viscoelastic tissues have
different responses to loading depending on their loading
history and it has been shown that pre-cycling can increase
the Young’s modulus significantly in peri-articular and
articular tissue.65

The key unknown in this is the amount of precondition-
ing that is present in the joints prior to loading. Undoubt-
edly all tissues will be preloaded to some degree by slight
alterations in muscle tension even during relative inac-
tivity. It is important to take this into consideration when
testing specimens in-vitro, as the effects of deep freezing
should be alleviated prior to testing to present the tissue in
a more physiological state. The specimen should be brought
to a quasi-static state prior to testing by pre-cycling to
a low strain, typically below 5%, as strains above this level
have been shown to cause permanent structural damage in
ligaments (Fig. 3).66

It is important tocontrol thetestingenvironmentand try to
emulate normal physiological conditions. Certainly hydration
status,67,68 temperature,69 bathing solution,70 loading
rate68,71 and preloading regime65,66,72 have all been shown to
influence the results obtained. The ideal situation would be
a bathing solution of synovial fluid at body temperature.
load

Pre-cycling regime demonstrating progr
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Unloading
(1st recovery phase)

Loading
(1st deformation
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Figure 3 Diagrammatic representation of hysteresis cu
In-situ testing

Gross testing of intra-articular tissues can be performed ‘in-
situ’ with the tissue in question still being attached to the
joint. This can be useful when a specific pathology is in
question. For example, pathology of the inferior gleno-
humeral ligament has been related to clinical instability. In
the literature, this ligament has been tested in the position
of apprehension and information gathered regarding its
tensile strength, plastic deformity and failure region in
different age groups.73e75 In this situation the ligament was
still associated with the ‘glenoid-soft-tissue-humerus
complex’. This takes into account all the associated soft-
tissues around the ligament that give it increased strength.
This offers the most direct data to the clinician with regard
to a very specific pathology, but provides little information
about the biomechanical or material properties of the
individual structure.

However, ‘in-situ’ testing can often test the junction
between two tissues, rather than the tissue itself. An
example of this is shear testing of the glenoid labrum76,77

where failure has been noted at the interface between the
labrum and the articular cartilage, rather than the mid-
substance of the labrum itself.

Compression testing ‘in-situ’ is more limited, as it will
usually involve compression of the tissue and underlying
extension

ession to quasi-equilibrium

rve for a viscoelastic material during cyclical loading.



Clamp

Clamp

Test sample

Rectangular Dumbbell

Clamp

Clamp

Figure 4 Examples of rectangular and dumbbell tensile
testing samples.
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bone as a composite. If the complete construct can be
maintained then geometry artefacts can be accounted for.
The approach most commonly taken is by indentation
testing. This has been used ‘in-situ’ for intra-articular
tissues. The result for an individual specimen will vary
according to the size, shape and material used to cause the
indentation, and at what speed this indentation takes
place.

If the instantaneous indentation depth, indenter geom-
etry and undeformed cartilage thickness at the test site are
known, then the compressive modulus can be calculated.78

It has been stated78,79 that, despite the biphasic nature of
intra-articular tissue, no movement of fluid occurs if it is
loaded rapidly (20e30 ms); this means that the articular
cartilage effectively responds as an elastic material,
resulting in a substantially higher apparent modulus when
compared to results obtained after 2 seconds of loading,
which will include fluid flow and creep.

These types of tests can be conducted in-situ or with
prepared specimens. Both approaches have drawbacks:
because of non-uniform geometry, with in-situ testing the
contact surface may not be flat or perpendicular to the axis
of compression. This can lead to difficulties in accounting
for the instantaneous area of contact between the indenter
and testing surface. With prepared specimens and flat
ended indenters there can also be issues relating to edge
cutting or stress concentration effects rather than pure
compression, so some studies have used spherical
indenters.

If tissues are being tested in-situ, then the tests are
often limited to loading the whole structure, such as the
anterior cruciate ligament within the knee. This does not
give information on the material properties, for which
variables such as load must be normalised versus the cross-
sectional area of the structure to give the stress. Because of
this, it is often necessary to isolate smaller specimens from
joints, in order to obtain their dimensions accurately.80 This
is essential if one is interested in tissue quality in order, for
example, to measure the effect of therapeutic interven-
tions. Also, because intra-articular tissues are not homo-
geneous, small specimens allow variations to be measured
across, through, and along structures.

Specimen geometry

To allow for some control of the variables that can result
from in-situ testing, tissues can be removed and made into
uniform specimens. It is sometimes convenient to test the
tissue as part of a larger specimen. For example, because it
is difficult to grasp the fibres of a short, wide ligament such
as the anterior cruciate ligament, it is usually tested as
a link in a bone-ligament-bone complex. This will remove
the problem related to failure at the gripping interface, but
accurate assessment of specimen dimensions and defor-
mations can be difficult and usually the outcome measure is
defined only as stiffness properties (ultimate load, exten-
sion to failure), rather than material properties (Young’s
modulus).81 To determine the amount of biomechanical
variation within a tissue, the specimen can be separated
into distinct fibre bundles for tests in-vitro;82 else, for tests
in-vivo, the location of the instrumentation within the
anatomical structure can be defined precisely.83
By cutting and preparing specimens, the dimensions can
be defined accurately and it can be ensured that only the
specific layer of interest is tested. This will also allow
multiple specimens to be obtained from a single structure
and is useful in comparing results at different positions
within the joint. Care must be taken in preparation of the
sample for testing, as the natural boundaries of the spec-
imen will have been removed during preparation, making
the specimen more susceptible to altered environmental
conditions. The functional structure is also important in
preparing the specimen as the position and direction of
collagen fibres should be considered when cutting the
specimens. For tensile testing isotropic specimens should
be dumbbell shaped to ensure failure in the mid-portion,
but due to the anisotropic nature of the tissues this is often
not possible; the collagen fibres may be cut obliquely
during preparation and an already small sample will be
relying on very few collagen fibres to be tested. Therefore
the isthmus of the dumbbell will not consistently contain
the same number of fibres and the specimen is likely to fail
prematurely. Rectangular specimens can be used, which
still allow the Young’s modulus to be obtained, but will not
reliably demonstrate ultimate stress and strain at failure
(Fig. 4).84

Compression test specimens are typically tested
between two flat plates, allowing their sides to bulge; this
is classed as ‘unconfined’. The two impermeable plates are
larger than the sample used85 and fluid is allowed to escape
freely radially, which will rapidly dry out the specimen and
in effect be testing only the solid matrix of the tissue.

Alternatively, the specimen may be fitted into a match-
ing cavity in a well, and a punch/compressor bears down to
compress the specimene‘confined’ testing. A typical
confined specimen will exactly fit the surrounding imper-
meable well and the compressor will be a semi-permeable
flat indenter, which has a permeability of several orders of
magnitude higher than the tissue being tested and is also an
exact fit to the well.86,87 In this situation, during
compression fluid can only escape through the permeable
indenter and the speed of release will be defined by the
permeability of the material used. It can be presumed that
unless the indenter has an identical permeability to the
tissue being tested then the results will be altered by this
change in boundary characteristics.
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Figure 5 Examples of unconfined, indentation and confined compressive testing.
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A third testing method is indentation testing, whereby
a compressor/indenter is brought down on the specimen,
which is placed on an impermeable plate. This type of
testing can also be used in-vivo (Fig. 5).

Therefore, different moduli may be obtained from the
different types of compression testing that includes
different rates of deformation. How these are related to
the in-situ, in-vivo situation is unknown.

It may be appropriate to divide different testing regimes
into ‘physiological’ cyclical loading and acute loading.
Physiological cyclical loading will keep the loading condi-
tions well within the normal physiological limits found
within everyday activities such as walking and other
repetitive movements. Acute ‘one-shot’ loading endeav-
ours to load the test samples rapidly, in order to recreate
pathological conditions that will lead to failure of the tissue
and would normally result in injury, giving data such as
ultimate strength. These two types of testing are targeted
at defining different properties of the tissue and will give
very different data describing the properties of the same
tissue due to the load rate and level imposed on the tissue.

Conclusions

There is no doubt that obtaining reliable and useful data for
the mechanical properties of intra-articular tissues is
difficult. To obtain clinically applicable data from in-vitro
testing, the environmental conditions should be optimised
to mimic the normal physiological conditions. Pre-
conditioning to a quasi-static state should take place in the
tissues in order to mimic the normal physiological condi-
tions and to alleviate any detrimental effects of deep-
freezing the tissues. Furthermore, the functional anatomy
should be considered and the direction of loading should be
appropriate to the known function and microstructure of
the tissue.

During compressive and tensile testing the normal
physiological rate of loading should be replicated, as the
speed of testing is crucial and will affect the results
considerably. With compressive testing, the confinement of
the tissue will influence results and may result in only one
phase of the tissue being tested.
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