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Tissue engineering seeks to repair or regenerate tissues through combinations of implanted cells, biomaterial scaffolds and
biologically active molecules. The rapid restoration of tissue biomechanical function remains an important challenge, emphasizing
the need to replicate structural and mechanical properties using novel scaffold designs. Here we present a microscale 3D weaving
technique to generate anisotropic 3D woven structures as the basis for novel composite scaffolds that are consolidated with a
chondrocyte-hydrogel mixture into cartilage tissue constructs. Composite scaffolds show mechanical properties of the same order
of magnitude as values for native articular cartilage, as measured by compressive, tensile and shear testing. Moreover, our findings
showed that porous composite scaffolds could be engineered with initial properties that reproduce the anisotropy, viscoelasticity
and tension—compression nonlinearity of native articular cartilage. Such scaffolds uniquely combine the potential for load-bearing
immediately after implantation in vivo with biological support for cell-based tissue regeneration without requiring cultivation

in vitro.

Articular cartilage, the smooth wear-resistant tissue that lines
the ends of bones in diarthrodial joints, serves to support
and distribute applied loads' and functions biomechanically
as a multiphasic fibre-reinforced material with anisotropic,
inhomogeneous, nonlinear and viscoelastic properties™™. These
complex mechanical properties provide the essential mechanism
for pressurization of the interstitial fluid of the tissue under
stress, allowing for the crucial load-support and low-friction
properties of the ftissue. Therefore, the engineered repair of
cartilaginous tissues has remained particularly challenging from a
biomechanical standpoint®. The goal of this study was to create a
novel scaffold for cartilage tissue engineering that qualitatively and
quantitatively mimicked the mechanical properties and behaviours
of articular cartilage and was made of biocompatible materials
previously shown to be conducive to chondrogenesis (for example
polyglycolic acid®, agarose” or polyglycolic acid and fibrin®). In
contrast to previously used cartilage tissue engineering scaffolds
such as non-woven textiles**"*, hydrogels”'*"* or a combination
of the two®", which typically showed isotropic biomechanical
properties®, we sought to develop a scaffold with multidirectional
biomechanical behaviour mimicking the anisotropy of native
cartilage. Furthermore, in contrast to previously used scaffolds
that typically show stiffness and strength that are several orders of
magnitude lower than native cartilage'"'**', we sought to develop a
scaffold with properties similar to those of native cartilage a priori,
potentially avoiding a protracted in vitro culture process (for
example from 4-8 weeks®'"'*'® to 7 months”).
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We developed a novel microscale weaving technology to
generate three-dimensional (3D) structures with fibres oriented in
three orthogonal directions using a custom-built weaving loom
that was specifically constructed to produce orthotropic, porous
textile structures with prescribed mechanical properties starting
from small diameter, biodegradable yarns. In comparison to
standard weaving methods, this process eliminates fibre crimp
and forms a true 3D structure by interlocking multiple layers of
two perpendicularly oriented sets of in-plane fibres (x- or warp
direction, and y- or weft direction) with a third set of fibres that
pass through the thickness (z-direction) of the fabric structure
(Fig. 1)*. Additional advantages include the specification of fibre
spacing and volume fraction in each axis, and the selection of each
individual fibre in the construct to allow for controlled anisotropy
and depth-dependent properties. The 3D porous structures
were produced using 104-pm-diameter continuous multifilament
polyglycolic acid yarn (Biomedical Structures LLC, Slatersville,
Rhode Island). The yarn was woven into two different 3D structures
containing a total of 11 in-plane fibre layers; five layers were
oriented in the warp (0° or lengthwise in the loom) direction and
six layers were oriented in the weft (90° to the lengthwise fibres)
direction. The first, "small-pore, structure contained 24 yarns per
centimetre in each of the five warp layers, 20 yarns per centimetre
in each of the six weft layers and 24 yarns per centimetre in the
Z-direction. Its interconnected internal pores had dimensions of
390 um x 320 pm x 104 pm, yielding a total void volume of ~70%.
The second, ‘large-pore’, structure was similar to the first except
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Figure 1 Fibre architecture of a 3D orthogonally woven structure. 3D structures
were woven by interlocking multiple layers of two perpendicularly oriented sets of
in-plane fibres (x- or warp direction, and y- or weft direction) with a third set of
fibres in the z-direction. a, Schematic diagram; b, surface view of the X~V plane
(scanning electron microscope); ¢, cross-sectional view of the ¥-—Z plane;

d, cross-sectional view of the X—7 plane.

that it contained only 15 yarns per centimetre in each of the six
weft layers, and had pore dimensions of 450 pm x 320 pm x 104 pm,
with a total void volume of ~74%.

nature materials | VOL &6 | FEBRUARY 2007 | www.nature.com/naturematerials

Figure 2 Fluorescent image of a freshly seeded construct. Porcine articular
chondrocytes in a fibre-reinforced 2% agarose (small pore scaffold) show a spatially
uniform initial distribution of cells with rounded morphology (fluorescent labelling
with calcein-AM).

We used the 3D porous structures, once woven, to generate
fibre-reinforced composite materials conducive to cell growth by
consolidation with a biocompatible hydrogel®'****_ In particular,
we generated composite scaffolds by vacuum-assisted infusion of
a biocompatible hydrogel or cell-hydrogel mixture. We evaluated
typically used hydrogels, agarose (2% or 3%w/v) and fibrin
(100-130 mgml~', Tisseel, Baxter Biosurgery, Westlake Village,
California). Using this technique, we readily seeded scaffolds with
a spatially uniform distribution of cells (Fig. 2) that maintained
the rounded morphology important in promoting a chondrocytic
phenotype''®'®2%_For this study, however, we carried out tests
on composite scaffolds without cells to determine their initial
biomechanical properties a priori. The 3D woven composite
scaffolds showed significant anisotropic, nonlinear and viscoelastic
properties that were similar to those of native articular cartilage.
With the exception of tensile moduli, which were higher for
composites than native cartilage, all evaluated composite properties
were of the same order of magnitude as the native tissue (Table 1).

As expected, composite mechanical properties depended
significantly on the presence of 3D fibre reinforcement and the
size of the pores (Fig. 3). Fibre-reinforced, 2% agarose (small-pore-
scaffold) composites showed fourfold higher aggregate moduli and
15-fold higher Young’s moduli than unreinforced agarose (Fig. 3a,
P < 0.005). Scaffolds woven with small pores showed significantly
higher aggregate moduli than those woven with large pores in
confined compression (Fig. 3b, p < 0.005). The mean values of
aggregate modulus for the small- and large-pore scaffolds were
199+ 18 kPa and 138 £ 11 kPa, respectively (mean + SEM). Similar
trends were seen in unconfined compression, where mean values
for Young’s modulus were 77 =24 kPa for small-pore scaffolds
and 68 = 18 kPa for large-pore scaffolds (Fig. 3b). However, for
a given woven structure the type of hydrogel (2% agarose, 3%
agarose or 100-130 mgml~" fibrin) did not have any significant
effect on the compressive properties of the composite (Fig. 3b). The
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Table 1 Biomechanical properties of composite scaffolds are compared with native articular cartilage. Ranges given for the composite scaffolds include all experimental
groups (that is two types of woven structure and three types of hydrogel).

Composite scaffold Articular cartilage
Tensile properties
Ultimate tensile stress 75-85MPa 15-35 MPa (refs 33,39)
Ultimate tensile strain 22-27% 10-40% (refs 33,39)
Tensile modulus (10% ) 325400 MPa 5-25.5MPa (refs 32,35,40)
Poisson’s ratio 0.073-0.076 0.9-2.2 (ref. #1)
Equilibrium relaxation modulus 150-200 MPa 6.5-45 MPa (refs 42,43)
Compressive properties
Agaregate modulus 0.14-0.2 MPa 0.1—2.0 MPa (ref. 44)
Hydraulic permeability 0.41.0x10 " m*N"5" 0.55.0x 10" m*N-" 5" (refs 45,46)
Young's modulus 0.005-0.1 MPa 0.4-0.8 MPa (refs 47,48)
Shear properties
Equilibrium shear modulus 0.03-0.05MPa 0.05-0.25 MPa (refs 38,49)
Complex shear modulus 0.09-0.11 MPa 0.2—2.0 MPa (ref. 38)
Loss angle ~35° ~10° (ref. 38)
apparent hydraulic permeability showed no significant dependence Importantly, composite mechanical properties mimicked the

on the type of woven structure or the type of hydrogel (Fig. 3c).  anisotropy, viscoelasticity and tension—compression nonlinearity
Likewise, no significant differences in shear moduli were observed  of native articular cartilage (Table 1, Figs 3 and 4). The ability

with respect to the type of woven structure or hydrogel (Fig. 3d). of articular cartilage to withstand extremely high mechanical
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Figure 3 Effects of fibre reinforcement on compressive and shear mechanical properties. a,b, Aggregate modulus (H,) and Young's modulus (E) as determined by
confined and unconfined compression, respectively. a, Fibre-reinforced 2% agarose (small-pore scaffold) had significantly higher Hy and E than unreinforced 2% agarose.
Data presented are mean+ SEM. * p = 0.05. b, Scaffolds woven with small pores showed significantly higher Hy than large-pore scaffolds. Data presented are mean+ SEM.
*p = 0.005. ¢, Hydraulic permeability (k) as determined by curve-fitting creep tests using a nonlinear numerical least-squares regression procedure. d, Complex shear
modulus (G*) and equilibrium shear modulus (G) determined by dynamic testing at angular frequency @ = 10rad s and an amplitude 3, = 0.05 and stress-relaxafion

shear testing, respectively.
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stresses has been attributed to the complex ultrastructure and
mechanical properties of the tissue. In particular, tension—
compression nonlinearity, which accounts for approximately two
orders of magnitude difference between the tensile and compressive
moduli of native cartilage™¥, is believed to play an important
role in its load-bearing capacity by enhancing fluid pressurization
under compression®*, In this respect, the design of the 3D fibre
scaffold mimics the behaviour of cartilage as a fibre-reinforced
composite, albeit at a larger scale (microscale instead of nanoscale
fibres)™. The extent of fluid load support is highly dependent
on this tension—compression nonlinearity’, which theoretically
provides for 98% of the load to be supported by fluid pressure
in native cartilage. In our scaffold, this value approaches 100%
owing to the higher-than-normal tensile modulus. Resistance to
compressive loading, however, seemed to arise predominantly
from inter- and intra-fibre friction among the constituent
multifilament yarns within the weave. Even though the hydrogel
component seemed to be primarily responsible for the observed
viscoelastic creep behaviour, changes in hydrogel composition did
not contribute significantly to the compressive properties of the

composite scaffolds (Fig. 3b), consistent with previous reports™®.
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The apparent hydraulic permeability of the structure, as measured
by confined compression creep, was similar to that of native
cartilage (~10"" m*N-"'s""), but significantly lower than that
measured directly for agarose’!, reflecting additional biomimetic
properties of the composite scaffolds. Additional tests examining
the level of fluid pressurization would provide more direct evidence
for the role of the fluid phase in load support®.

Significant anisotropy was observed in the ultimate tensile
stress, ultimate tensile strain and tensile moduli at 0% and
10% strain (Fig. 4a—d, respectively). Skeletally mature articular
cartilage shows significant anisotropy in tension relative to the
preferred orientation of collagen fibres in the surface zone, or local
‘split-line’ direction®™**=**. For example, the tensile failure stress
of native cartilage parallel to the split-line direction has been
shown to be twice as high as that perpendicular to the split-line
direction*’. The small-pore scaffolds developed in this study were
designed to have similar in-plane directional dependences of tensile
mechanical properties. In particular, anisotropy of the ultimate
tensile strength and tensile modulus was achieved in the small-
pore scaffolds (Fig. 4a,c,d) by designing a biased woven structure
that contained a higher fibre volume fraction in the weft direction
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than in the warp direction (Fig. 1a). This anisotropy, however, was
not present in the large-pore scaffolds, which were woven with
more balanced warp—weft fibre volume fractions. Alternatively,
controlled anisotropy independent of the pore size or fibre packing
density could be achieved by using fibres with different sizes or
chemical compositions in any of the orthogonal directions. Small-
pore scaffolds showed ~35% higher ultimate tensile stress when
tested in the weft direction than in the warp direction (Fig. 4a,
p < 0.05), a finding that did not apply to large-pore scaffolds.
Tensile moduli calculated at 0% strain (E,) for all scaffolds were
significantly higher when tested in the weft direction than in the
warp direction (Fig. 4c, p < 0.0001). However, only small-pore
scaffolds showed significantly higher tensile moduli at 10% strain
(E) when tested in the weft direction as opposed to the warp
direction (Fig. 4d, p < 0.0001). Values of E;, were up to ~250%
greater in the weft direction as compared to the warp direction,
whereas values for E were only ~25% higher (Fig. 4c versus d).
On average, tensile moduli were three orders of magnitude higher
than compressive moduli (Figs 4c,d versus 3a,b). Interestingly, we
showed ultimate tensile strains of all scaffolds to be higher by ~20%
in the warp direction than in the weft direction (Fig. 4b, p < 0.05).

An important consideration in the interpretation of the current
study is that we only used one type of biomaterial (polyglycolic
acid yarn), in combination with two different 3D woven structures
(with differing degrees of fibre reinforcement) and two different
hydrogels (agarose and fibrin). These initial designs represent proof
of concept that cartilage-mimicking scaffolds can be constructed
with highly controlled mechanical properties by virtue of the 3D
fibre reinforcement of the composite structure. However for other
applications, any combination of woven fibres and hydrogels with a
wide range of physical and mechanical properties may be explored
using this 3D weaving technique.

METHODS

Creep experiments were carried out in a confined-compression configuration?,
using an ELF 3200 series precision-controlled materials-testing system (Bose,
Minnetonka, Minnesota). Sample thickness was measured optically using a
digital video camera (model XDC-X700, Sony Electronics, Park Ridge, New
Jersey). Specimens were placed in a confining chamber in a PBS bath and
compressive loads were applied using a rigid porous platen. Following
equilibration of a 4 gf tare load, a step compressive load of 10 gf was applied to
the sample and allowed to equilibrate for 600 s. The compressive modulus
(H,) and an apparent hydraulic permeability (k) were determined using a
two-parameter, nonlinear least-squares regression procedure’*, For
unconfined compression, strains of £ =0.04, 0.08, 0.12 and 0.16 were applied
to the specimens in a PBS bath after equilibration of a 2% tare strain. Strain
steps were held constant for 900 s, allowing the scaffolds to relax to an
equilibrium level. Young’s modulus was determined by carrying out linear
regression on the resulting equilibrium stress—strain plot.

Tensile tests were carried out as described previously for cartilage™® using
a materials testing system (SmartTest Series, Bose, Minnetonka, Minnesota).
Scaffolds were cut into dumbbell-shaped test specimens (25 mm length). After
equilibration of a 10 N tare load for 300 s, samples were tested to failure at a rate
of 0.04 mm s~'. Samples were kept wet throughout the test by periodic
spraying with PBS. The resulting force (F) was recorded by the load cell and
digital data acquisition system and divided by the cross-sectional area (A) for
calculation of the tensile stress (o = F/A). The ultimate tensile strength,
ultimate tensile strain, tensile modulus, energy to failure and Poisson’s ratio of
the constructs were determined in two (x- or warp and y- or weft) directions.
Local strain was determined optically using a digital video system. The tangent
modulus was calculated both for the toe (Ey: £ = 0) and in the linear region
(E: £ =10.1) of the resulting stress—strain curve.

Dynamic and stress relaxation shear tests of the composite constructs were

3536

carried out in PBS at room temperature using an ARES rheometric system
{Rheometric Scientific, Piscataway, New Jersey). First, a series of shear stress
relaxation tests were carried out, as described previously?***. Three
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magnitudes of shear strain (y=0.001, 0.0014 and 0.0018) were applied to the
sample, followed by a 600 s stress relaxation period. Also, a dynamic frequency
sweep was carried out by prescribing a sinusoidal shear strain profile,

y = ypsin(et) at y; of 0.05 and w from 1 to 100 rad s—'.

Two-factor analysis of variance (ANOVA) tests were carried out to
compare the different scaffold parameters (pore size and gel type) for
compressive and shear biomechanical tests. Statistical significance for tensile
testing, which introduced direction (warp and weft) as a third parameter, was
assessed using three-factor ANOVA. Statistical significance was reported at the
95% confidence level (p < 0.05) for all tests.

Received 3 July 2006; accepted 13 December 2006; published 21 January 2007.
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ARTIFICIAL CARTILAGE

Weaving In three dimensions

Despite great expectations, artificial cartilage constructs still represent a challenge for tissue
engineers. A three-dimensional fibre-hydrogel material provides a breathrough in the design of
scaffolds with mechanical properties that match those of native cartilage.
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rtificial cartilage has been hailed
Aas the next likely breakthrough

in tissue engineering, following
manmade skin, and ahead of liver, heart
or kidney tissue'. With its low cellularity
and avascular matrix, cartilage has
been considered a good candidate for
tissue engineering because of the lesser
demand for metabolite transport and the
potentially lower risk of implant rejection
by the immune system. However, those
precious few cartilage cells need to be
surrounded by a scaffold that is adequately
stiff, otherwise they would be crushed
before being able to produce their own
new matrix. A fibre-hydrogel composite
scaffold presented by Franklin Moutos
and colleagues on page 162 of this issue,
exhibits mechanical properties that mimic
those of healthy cartilage?, and promise
to improve the chances of success of
cartilage implants.

The main function of articular
cartilage is to serve as a bearing material
for movable joints such as the hip, knee
or shoulder. It is a connective tissue,
millimetres thick, which lines the
articulating ends of bones, and exhibits
remarkable load-bearing and lubrication
properties unmatched by artificial
bearings. The main constituents of
cartilage are water (75%), collagen (20%)
and proteoglycans (5%). The collagen
fibrils help the tissue sustain tensile loads
while the proteoglycans, which are large
negatively charged macromolecules, help
it resist compression.

The friction coefficient of articular
cartilage can be as low as 0.005, which
implies that the frictional force acting
tangential to the articular surface may
be 200 times smaller than the load
transmitted across the joint’. There

Figure 1 Womn-out cartilage (purple). Osteoarthritis

is a painful degenerative disease of articular joints.
Full-thickness lesions of the cartilage, resulting from
wear and tear, expose the underlying bone, where pain
originates in the nerve endings. The high incidence rate
of this condition calls for the development of artificial
cartilage grafts.

used to be a popular analogy between
oil-lubricated bearings of car engines and
the viscous synovial fluid that covers the
articular surfaces. However, experiments
have shown that cartilage can lubricate
almost equally well after the synovial fluid
has been wiped away”. Thus, it is cartilage
itself that is primarily responsible for
reducing the friction coefficient.

The loads transmitted across lower-
extremity joints such as the knee and hip
typically range from two to five times
body weight. This counter-intuitive
observation can be explained by the
combination of gravitational forces and
the action of muscles that span across a
joint and help to stabilize it. Owing to
the closeness of muscles to the centre of
rotation of a joint, the forces they exert
typically far exceed the external loads
sustained by the body. These large joint
loads are transferred across contacting
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articular layers, producing contact stresses
as high as 12 megapascals. To appreciate
the magnitude of this stress, imagine that
if you were hanging from a ledge by a
fingertip, the pressure on your fingertip
would be one megapascal only.

A major challenge of cartilage
functional tissue engineering is to
produce constructs that are able to
sustain these remarkable contact
pressures, while also producing low
friction coefficients. Fledgling tissue
constructs or cell-seeded scaffolds that
do not exhibit the properties of native
cartilage are likely to be crushed
following implantation, unless they are
able to acquire these biomechanical
properties rapidly, over a reasonable
post-operative recovery period.
Unfortunately, although chondrocytes
(that is, cartilage cells) can synthesize
proteoglycans fairly quickly, reaching
native levels within a few weeks, collagen
synthesis lags very far behind.

The inability to rapidly produce
native levels of collagen in engineered
cartilage tissue constructs has been
particularly troublesome because of the
critical biomechanical function of this
matrix constituent. It may seem curious
at first that the elevated tensile stiffness
of cartilage is an important functional
property, considering that cartilage layers
sustain joint loads in compression only.
However, we now understand that the
large tensile stiffness of collagen helps
cartilage to resist lateral expansion on
axial compression; this resistance to
volume changes upon loading has the
effect of pressurizing the interstitial water
of cartilage, considerably increasing its
compressive stiffness. This increased
stiffness imparted by interstitial fluid
pressurization is critical for preventing
the crushing of cartilage cells under the
very large contact stresses sustained
by articular joints. Furthermore, this
pressurization turns out to be the primary
reason that cartilage exhibits a very low
friction coefficient®. Indeed, if most of the
applied load is supported by pressurized
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interstitial fluid, the effective load
experienced by the contacting collagen
matrices is much reduced and the friction
between them is eased.

In this context, the paper by Moutos
and co-workers provides a breakthrough
in the design of scaffolds whose initial
mechanical properties match those
of native articular cartilage®. These
authors have developed a microscale
three-dimensional weaving technique
to produce scaffolds from yarns made
of a biocompatible material such as
polyglycolic acid. The fibres in this
scaffold are oriented in three orthogonal
directions, so as to produce a material
with different properties along each of
its planes of symmetry. The resulting
scaffolds are porous, and the authors filled
them with a cell-seeded hydrogel such
as agarose or fibrin in which the round
morphology and cellular functions typical
of chondrocytes can be maintained.

PHASE-CHANGE MATERIALS

Most remarkably, these constructs

not only mimic the fibre-composite
structure of the native cartilage but they
also reproduce the disparity observed
between the tensile and compressive
stiffness of the tissue, which are critical
to load bearing and lubrication. Because
the initial mechanical properties of
these scaffolds are quite similar to

those of native cartilage, it is likely

that these constructs will survive the
harsh loading environment of the joints
immediately after implantation.

This approach represents a
paradigm shift in the field of cartilage
tissue engineering, which heretofore
had proposed that constructs would
slowly acquire normal mechanical
properties following implantation. The
availability of biocompatible, slowly
degrading constructs whose initial
mechanical properties can be tuned
over a broad range (owing to the

Designing optical media

Over the past two decades, the optical recording industry has empirically improved the
properties of phase-change materials for rewritable discs. Now a first step has been taken to
use computational design to improve these materials.
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halcogenide phase-change materials
are the key components used

for rewritable optical discs, and
improving the speed of imprinting
information is of significant commercial
interest. Much effort is therefore being
expended in the development of these
materials, but prediction of the various
relevant and desired properties to increase
possible writing speeds is difficult, as they
are intimately related to the structural
changes at the atomic scale. On page 122
of this issue, Matthias Wuttig ef al.'
take a big step towards the ability to
design novel phase-change materials.
By using ab inifio density functional
theory and an improved understanding
of the mechanisms behind the structural
phase change®?, the authors are able to
predict the stability of the crystalline
state. This could provide valuable

20

information for determining the
suitability of chalcogenide materials
(for example, Ge-Sb-Te) not only for
future optical recording media but
also for phase-change random access
memories* (PCRAM).

Optical writing and erasing bits on a
disc is done by heating small spots of a
phase-change layer with a focused laser
beam, as shown in Fig. 1. Writing involves
first the melting of the phase-change
material at around 600 °C, followed
by a very short cooling time of a few
nanoseconds. This enables the material to
solidify into an amorphous state, which
constitutes the physical representation
of a written bit. As the crystalline and
amorphous state of the phase-change
material have different optical properties,
the difference between a crystalline or
amorphous spot (or bit) can be read by
measuring its reflectance. For erasing a
written bit, the same spot of the phase-
change layer is heated to only a few
hundred degrees Celsius, but now for a
duration of tens of nanoseconds. This

versatile manufacturing technique) that
encompasses those of native cartilage
makes it possible to test the hypothesis
that initial construct stiffness is critical
to the long-term survival of implanted
artificial cartilage. The basic premise of
this approach is that chondrocytes need
to be shielded from excessive compressive
strains over a sufficiently long period of
time, typically exceeding normal post-
operative recovery periods, while they
slowly synthesize the collagen matrix
critical for their normal function. So the
scaffold made by Moutos and co-workers
represents a major advance towards this
goal, providing an exciting opportunity
for cartilage tissue engineers.
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of the future

enables the amorphous material to return
into the crystalline state.

Since the first observation of reversible
laser-induced amorphous—crystalline
transitions by Ovshinsky ef al.?, the optical
recording industry has been pushing
to shorten the bit erasure time, because
it is the limiting factor for achieving
larger recording speeds. Nowadays a
commercial DVD recorder can write a
DVD eight times faster than its normal
playback speed, corresponding to bit
rates as high as 100 Mbit s~ and erasure
times of a few tens of nanoseconds.

Two classes of phase-change materials
were discovered that could deliver these
short erasure times, enabled by their
fast crystallization speeds®: nucleation
dominated materials” (NDM), first
introduced by Matsushita/Panasonic
and fast-growth materials® (FGM), first
introduced by Ricoh. The NDM family
has Ge,Sb,Te, (GST 225), Ge,Sb,Te, and
Ge,Sb,Te., as its thermodynamic stable
ternary compositions’, all residing along
the pseudobinary GeTe-S8b,Te, tie-line, as
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