
tivity provide the mathematical tools that we
need to curve space. The space transforma-
tions that have been used previously to design
cloaks can locally compress and stretch space
in all directions, but despite this huge design
freedom, the result is still a flat space without
any intrinsic curvature to bend the path of
light. The use of curved spaces allows new
designs to be explored. 

To introduce a curved space in the design of
a cloak, it must be mapped on a three-dimen-
sional physical space. A two-dimensional
example of such a map is the Mercator projec-
tion that represents the curved spherical sur-
face of Earth on a flat sheet of paper. This kind
of operation also results in equivalent optical
properties but with a much greater variety of
designs for cloaks. Leonhardt and Tyc have
proposed a very skillful transformation from a
carefully chosen curved space where a natural
cloaking effect exists that results from the
sophisticated paths that light takes around the

hidden region. Translated into equivalent prop-
erties in Euclidean space, this scheme allows
an invisibility cloak to be designed without
singularities in the optical properties of the
materials. Nevertheless, the required optical
properties are still demanding.

Although the use of metamaterials solves
many problems in cloaking, their properties
are sensitive to the wavelength. Realizing the
required optical properties across the entire
visible spectrum presents an additional hur-
dle, especially when extreme values must be
reached. Indeed, such values require reso-
nances, that is, phenomena tuned to specific
frequencies. Thus, bringing the material prop-
erties to moderate values is a necessary step
for a cloak to work for all colors.

Theoretical work on cloaking has shown
that, in principle, an invisibility device may be
possible, but how will engineers design and
manufacture such a device? The development
of a real cloak will likely involve numerical

modeling (5), as well as trial-and-error opti-
mization, with little reference to the initial
ideas. Concerning applications, fictional litera-
ture has made us acquainted with some fright-
ening aspects of invisibility. However, the the-
ory of cloaking can be translated to other kinds
of waves encountered everywhere in physics.
Indeed, the first practical applications of invisi-
bility may well be the protection of small
islands against dangerous sea waves (6). 
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The ultra-low friction coefficients
between the articulating cartilage sur-
faces in human hips or knees cannot be

duplicated even by the most sophisticated
technological means. Breakdown of this lubri-
cation can lead to wear of the cartilage and to
osteoarthritis. As human longevity increases,
over 50% of populations may eventually suffer
from debilitating osteoarthritic pains or joint
breakdown due to such cartilage wear. In
adults, damaged or worn cartilage has little
capacity for self-healing, largely due to the low
intrinsic density of chondrocytes (the cells
responsible for synthesis of cartilage compo-
nents, including the type II collagen from
which its network is formed). Recent research
into regeneration or replacement of damaged
joints (1) points to directions that could
improve prospects for osteoarthritis sufferers.

Efforts to repair cartilage often introduce
chondrocyte cells, or stem cells which can dif-
ferentiate into chondrocytes, to the damaged
region, where they can regenerate tissue. The
matrix (scaffolding) containing such cells,

which is implanted in the tissue, must resist
removal by friction as the cartilage surfaces
slide past each other at high pressures. This
underlines the importance of lubrication for
articular cartilage repair. Better lubrication
can also greatly increase the lifetime of hip or
knee prostheses when joint replacement
becomes necessary.

In a classic treatment for cartilage regener-
ation, known as microfracture, mesenchymal
stem cells are released from marrow in the
underlying bone to permeate the damaged
cartilage area (2). There the stem cells
undergo chondrogenesis (differentiation to
chondrocyte-like cells) to accelerate tissue
healing, although the resulting tissue is fibril-
lar, in contrast to the low-friction, smooth hya-
line cartilage (see the figure). More recently,
for early-stage osteoarthritis, chondrocytes
harvested from a healthy cartilage region have
been culture-expanded in vitro and trans-
planted into damaged regions to promote tis-
sue regeneration (2). Synthetic biology may
hold considerable future promise for such
approaches. In one approach, somatic cells
may be programmed to dedifferentiate to
pluripotent stem cells (3), which could then be
embedded in the cartilage to undergo chon-

drogenesis. Other approaches, still in their
infancy (4), would seek to reprogram cells to
their regenerative format as native chondro-
cytes. Ideally, these should, with the appropri-
ate external cues, regenerate the native hyaline
cartilage in damaged tissue. 

Tissue engineering (5, 6) for cartilage
regeneration generally uses a combination of
scaffolding, cells, and signaling molecules to
induce chondrogenesis. Scaffolding matrices
are implanted, self-assembled, or gelled
within cartilage lesions; implanted scaffolds
may also be glued to the tissue. Hydrogels of
synthetic or naturally occurring macromole-
cules (including components of cartilage),
self-assembling nanofiber networks, or plugs
of healthy transplanted cartilage have been
used as scaffolds, and several of these are
undergoing clinical trials. The incorporated
cells are typically mesenchymal stem cells;
signaling molecules for chondrogenesis are
often growth factors or genes(5). 

An optimal scaffold environment would be
biocompatible, have mechanical and perme-
ation properties similar to those of healthy
cartilage (7), not be broken down prematurely
by tissue enzymes (8); and biodegrade eventu-
ally and be removed, in parallel with the
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growth of new tissue. Recent
attempts to optimize some of the
properties of scaffolds include the
following examples. 

Moutos et al. (7) have
described a scaffold woven from
polyglycolic acid yarn, and con-
solidated with a biocompatible
hydrogel. The permeability and
mechanical properties of this matrix
mimic those of healthy articular cartilage.
This matrix should therefore provide a better
supportive environment for the incorporated
cells, and thereby improve their cartilage-
regeneration properties. Gonen-Wadmany et
al. (8) have developed protein-poly(ethylene
glycol) conjugates for creating hydrogel scaf-
folds; poly(ethylene glycol) protects the pro-
tein backbone against the enzymatic break-
down that often affects scaffolds consisting of
proteins alone. Capito et al. (9) vary the tradi-
tional scaffolds: They create closed sac-like
containers made of robust membranes
through self-assembly of hyaluronic acid and
peptide amphiphiles. The sacs are permeable
to signaling molecules but not to cells. Sacs
encapsulating mesenchymal stem cells and
cultured in appropriate media readily undergo
chondrogenesis, as revealed by expression of
type II collagen. A different, promising
approach uses sophisticated scaffolding
matrices designed to recruit existing cells
from the surrounding tissue. The cells then
cause scaffold breakdown and release of sig-
naling molecules previously stored in the
matrix; these in turn stimulate the cells to
more vigorous regeneration of new, normal
tissue (10).

A crucial requirement for cartilage repair
is that the scaffolding is attached at the carti-
lage lesions and integrates with the tissue; the
attachment must be sufficiently robust to
resist being torn off as a result of stress at an
articulating joint. Wang et al. (11) have devel-
oped an adhesive based on chondroitin sulfate
[a major component of the bottle-brush-like
macromolecules, called aggrecans, that per-
meate the native cartilage (see the figure)].
The adhesive can be readily applied to glue
(and integrate) scaffolding directly to the car-
tilage lesion. The resulting interfacial shear
strength is ~50 kPa; for typical pressures of ~5
MPa at human hips or knees, this requires the
friction coefficient at the scaffold surface dur-
ing articulation to be <0.01 to avoid detach-
ment of the scaffold. Similarly, high friction,
and hence wear, may arise in regenerated tis-
sue if it does not mimic the healthy, smooth
native cartilage sufficiently closely (as hap-
pens for example with the microfracture tech-
nique). Efficient lubrication is therefore cru-

cial not only in healthy joints, but also for tis-
sue engineering of cartilage, and it is very
important to understand its molecular origins.

Recent efforts to elucidate these molecular
origins have focused on nanotribological stud-
ies of surface-attached molecules in aqueous
media, seeking to emulate those at the carti-
lage surface (see the figure). Raviv et al. (12)
showed that synthetic polyelectrolyte brushes
attached to opposing surfaces can provide
remarkable lubrication when mutually com-
pressed to moderate pressures and made to
slide past each other, with friction coefficients
similar to those in healthy joints. Briscoe et al.
(13) found that boundary lubrication under
water was far superior to that in air or oil, and
mediated by the hydrated surfactant head-
groups. These and other studies (14, 15)
emphasize the importance of hydration layers
surrounding charges in aqueous media as a
basic lubrication element (16).

These nanotribological studies do not
mimic the actual cartilage surface or the
macromolecules emanating from it (see the
figure), but rather provide insight into the ori-
gins of the very efficient lubrication in living
joints (16). One difficulty is that at pressures of
~ 5 MPa, normal in hips or knees, friction coef-
ficients attained in the laboratory to date have
been much higher than the values of ~0.001
typical of human joints. Nonetheless, the
insights gained from nanotribology can have
immediate benefits for improved prostheses.
For example, Moro et al. (17) achieved a mas-
sive reduction in wear-generated debris parti-

cles of the concave plastic cup of
a hip prosthesis when they
grafted polymer brushes to the
plastic surface. Such debris par-
ticles are a major cause of fail-
ure of prosthetic implants
through bone softening and con-
sequent loosening of prostheses;
their reduction through brush
lubrication is thus a substantial
potential benefit. 

Future materials challenges
will be to design scaffolds that
provide optimal environments
for the progenitor cells that they
bring to the damaged tissue, or
to stimulate indigenous cells;
and to develop bioadhesives that
promote tissue integration and
prevent scaffold detachment
during joint articulation. In
replacement strategies, surface
treatments that suppress the
wear leading to implant failure
may allow a closer approach to
“lifetime” prostheses for the
most widely used polymer-

metal implant combinations. Thus, both for
repair and replacement, a better understanding
of the molecular mechanisms underlying the
remarkable lubrication afforded by healthy
articular cartilage at the high pressures in
human hips and knees remains an urgent goal.
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A close-up view of the articular cartilage surface. Schematic sec-
tion through part of a hip joint. The friction coefficients between the
articular cartilage layers, compressed to 50 atmospheres or more in a
hip joint, can be as low as 0.001 (18). (Inset) The detailed structure
at the outer cartilage surface is thought to include charged macro-
molecules (16)—mainly hyaluronic acid (blue), to which are attached
aggrecans (red), and lubricins (green)—that extend from the surface
to form a brushlike layer. Synthetic charged brushes lead to low fric-
tion similar to that in articular cartilage (12), although, to date, only
up to much lower pressures than in human joints.
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