J-shaped curves
Descriptions of J-Shaped Curves
Many biomaterials exhibit the following type of stress-strain curve, which is known as a Jshaped curve:

A J-shaped stress-strain curve
The curve shows that initially, small increases in stress give large extensions, however, at larger
extensions the material becomes stiffer, and more difficult to extend. Mammalian skin and flesh
are two of the many biomaterials that exhibit a J-shaped curve. If you pinch your earlobe and try
to pull it downwards, you will see that initially it is quite easy to stretch the earlobe, but that at
larger extensions it becomes more difficult to stretch.
Loading and unloading occurs along the same curve, i.e. the loading is completely reversible and
elastic. This ensures that all the energy used in extending the system is returned once the load is
removed. It is clearly important that there should not be too much energy absorption in arterial
walls. The elastic properties of arterial wall are important not only to protect against aneurysms,
but to smooth out variations in blood pressure and blood flow rate.

Advantages of J-shaped curves for biomaterials
J-shaped stress-strain curves cause biological membranes to be extremely tough, even though the
fracture energy for many materials is not particularly high (around 10 kJ m-2). This toughness
arises for the following reasons:


The lower part of the J-shaped curve gives very large extension for low applied stress, so
the shear modulus in this region is very low and so there is no mechanism whereby the
released strain energy on fracture can be transmitted to the fracture zone.



The material gets stiffer as the failure point approaches ensuring that very large extensions
require large stresses, so that extensions which are likely to cause harm occur infrequently.



Since the J-shaped curve is concave, the area under the curve up to a given extension is far
lower than that for the equivalent Hookean curve meaning that the energy released in the
fracture of a material with a J-shaped stress-strain curve is far lower than the energy
released when an equivalent Hookean material fails. Since the release of energy drives
crack propagation, a material that releases less energy on fracture is tougher.



The J-shaped stress-strain curve does not lead to the elastic instabilities such as aneurysms
which arise with S-shaped curves. Hence J-shaped curves are favoured for arteries.

A J-shaped curve can be compared to an S-shaped curve in which the material has been prestressed, causing the effective origin of the graph to be further along the curve. This is shown
below. Arteries are naturally pre-stressed as even the minimum blood pressure must be
sufficiently positive to raise blood to the highest point of the body.

How Does the J-Shaped Curve Arise?
The J-shaped curve can arise at a number of different structural levels. For a J-shaped curve to
arise, there must simply be the progressive recruitment of strain-resistant components. This can
occur by the progressive alignment of polymer chains with the stress, and indeed, the stressstrain curve of a rubber is (at higher extensions) J-shaped. Many biomaterials are pre-stressed
rubbery materials (i.e. in their neutral position they are still under tension). These rubbery
materials, by virtue of being pre-stressed, show only J-shaped behaviour. A similar effect occurs
in materials that contain fibres in a soft matrix. Initially the stress acts only against the soft
matrix, but with time the fibres align in the direction of the stress and so further pulling works
against the stiffer fibres. This effect is used in arterial walls, where the collagen fibres act as the
stiffer fibres.
Arteries :
Arteries consist of layers of oriented elastin interspersed with randomly oriented collagen (in a
matrix of water and polysaccharides). This complex structure gives arteries a strong J-curve.
Elastin is the main elastic protein of vertebrates. It is plasticised by water and has a coiled coil
structure. Its elasticity has two components: one obeying ordinary rubber elasticity theory, and
the second resulting from an elastic restoring force due to free energy changes associated with
the hydration of non-polar groups at the centre of a deformed molecule. Collagen is a protein that
forms characteristic fibres in most of the animal kingdom. It is widely found in the human body,
including in bone, skin, tendon, ligament and cartilage, as well as in artery. A single collagen
molecule shows a left-handed helix, and three of these coil together to form the collagen triple
helix, tropocollagen. These pack to form fibrils, which are good stress-transmitters.
The elastin fibres are aligned around the circumference of the artery, and as the artery is strained,
the randomly oriented collagen fibres begin to straighten and align. More become load-bearing
and the Young's Modulus increases. Due to the initial random orientation of the collagen fibres,
some fibres are stressed and yield even at low strains, giving toughness, but even at high strains
not all fibres are load-bearing, giving a high failure strain. This effect is also observed in skin,
which consists of a random feltwork of collagen and elastin fibres. In an artery, the elastin fibres
deflect longitudinal crack growth and help to counteract the high hoop stresses (in the wall of a
pressurised cylindrical tube, the hoop stress is twice the longitudinal stress). The overall
properties of an artery are elastic, which allows energy to be returned to the blood.

Examples of Materials With J-Shaped Stress-Strain Curves
Textile materials provide some non-biological examples of materials with J-shaped stress-strain
curves. Knitted materials and woven fabrics pulled at 45° to the warp and weft have J-shaped
curves and are thus quite tough. Knitted fabrics usually fail by unravelling not by tearing, and
when woven fabrics tear it is usually along the warp and weft directions, even though these
directions are those in which the force is aligned with the strong threads.
Many biological soft tissues, show J-shaped stress-strain curves. Skin and arterial walls have
already been cited as examples. Viscid spider silk (the capture threads) is a further example. At
low strains, both collagen and tendon show J-shaped curves, in fact, the toughness of raw meat is
due to the presence of collagen fibres within the meat. On cooking, the collagen disintegrates,
and the meat becomes tender.
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