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Fig. 3. A meridional cut of the Sun 
corresponding to the simulation geom- 
etry (the same domain as in Fig. 1). The 
meridional circulation (A) is depicted 
by black streamlines with arrows mark- 
ing the direction of flow. The flow now 
penetrates below the tachocline (the 
shaded gray region) down to a depth of 
0.6R. A snapshot of the toroidal field 
configuration at a particular instant of 
time (B) shows a belt of negative toroi- 
dal field (dashed contours) being 
pushed below the tachocline (into the 
stable region) by the penetrating flow 
at high latitudes, while simultaneously 
at low latitudes, a belt of positive toroi- 
dal field (solid contours) is being 
pushed out into the convection zone, 
where it can erupt to form sunspots. 

Fig. 3. A meridional cut of the Sun 
corresponding to the simulation geom- 
etry (the same domain as in Fig. 1). The 
meridional circulation (A) is depicted 
by black streamlines with arrows mark- 
ing the direction of flow. The flow now 
penetrates below the tachocline (the 
shaded gray region) down to a depth of 
0.6R. A snapshot of the toroidal field 
configuration at a particular instant of 
time (B) shows a belt of negative toroi- 
dal field (dashed contours) being 
pushed below the tachocline (into the 
stable region) by the penetrating flow 
at high latitudes, while simultaneously 
at low latitudes, a belt of positive toroi- 
dal field (solid contours) is being 
pushed out into the convection zone, 
where it can erupt to form sunspots. 

mechanism can drive such a deeply penetrating 
meridional flow. However, recent simulations 
of solar convection show that downward-direct- 
ed convective plumes (originating in the SCZ 
and penetrating into the stable regions below) 
tend to have a net equatorward motion inside 
the stable region (27, 28). These downward 
plumes are capable of pushing the magnetic 
field into the stable interior (29). 

We have shown that a meridional circulation 
penetrating below the tachocline can explain the 
latitudinal distribution of sunspots. At present, 
this seems the best way to resolve the impasse 
that has been plaguing modem solar dynamo 
theory. Although the ill-understood question of 
angular momentum balance (30) must be ad- 
dressed for a flow penetrating into the nearly 
uniformly rotating upper radiative region, this 
flow would help in explaining the lithium de- 
pletion and its connection to angular momentum 
loss (31) observed in stars at various phases of 
stellar evolution. A penetrating flow can also 
contribute to the sound speed anomaly that is 
observed beneath the tachocline (32, 33). 
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The introduction of biodegradable implant materials as well as minimally invasive 
surgical procedures in medicine has substantially improved health care within the 
past few decades. This report describes a group of degradable thermoplastic poly- 
mers that are able to change their shape after an increase in temperature. Their 
shape-memory capability enables bulky implants to be placed in the body through 
small incisions or to perform complex mechanical deformations automatically. A 
smart degradable suture was created to illustrate the potential of these shape- 
memory thermoplastics in biomedical applications. 
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memory thermoplastics in biomedical applications. 

Current approaches for implanting medical de- 
vices, many of which are polymeric in nature, 
often require complex surgery followed by de- 
vice implantation. With the advent of minimally 
invasive surgery (1), it is possible to place small 
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devices with laprascopes. Such advances create 
new opportunities but also new challenges. How 
does one implant a bulky device or knot a suture 
in a confined space? It occurred to us that the 
creation of biocompatible (and ideally in many 
cases degradable) shape-memory polymers with 
the appropriate mechanical properties might en- 
able the development of novel types of medical 
devices. 

Shape-memory polymers possess the ability 
to memorize a permanent shape that can sub- 
stantially differ from their initial temporary 
shape. Large bulky devices could thus potential- 
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ly be introduced into the body in a compressed 
temporary shape by means of minimally inva- 
sive surgery and then be expanded on demand to 
their permanent shape to fit as required. In the 
same way, a complex mechanical deformation 
could be performed automatically instead of 
manually by the surgeon. The transition from 
the temporary to the permanent shape could be 
initiated by an external stimulus such as a tem- 
perature increase above the switching transition 
temperature Tts of the polymer [movie S1 
(19)]. 

The thermally induced shape-memory ef- 
fect has been described for different material 
classes: polymers (2, 3), such as polyure- 
thanes (4-7), poly(styrene-block-butadiene) 
(8) and polynorbomene (9, 10); hydrogels 
(11, 12); metallic alloys (13); and ceramics 
(14). All of these materials are nondegrad- 
able in physiological environments and many 
lack either biocompatibility or compliance in 
mechanical properties. 

In metallic alloys, the shape-memory effect 
is due to a martensitic phase transition (13). In 
contrast, the polymers designed to exhibit a 
thermally induced shape-memory effect require 
two components on the molecular level: cross- 
links to determine the permanent shape and 
switching segments with Tt, to fix the tempo- 
rary shape. Above Tns , the permanent shape 
can be deformed by application of an external 
stress. After cooling below Tt, and subsequent 
release of the external stress, the temporary 
shape is obtained. The sample recovers its per- 
manent shape upon heating to T > Ttn. 

Cross-links can be either covalent bonds or 
physical interactions. Recently, we have report- 
ed on shape-memory polymers (15), which are 
covalently cross-linked polymer networks con- 
taining hydrolyzable switching segments. Em- 
phasis in the present work was put on the de- 
velopment of a group of polymers that contain 
physical cross-links. These thermoplastics are 
easily processed from solution or melt and are 
substantially tougher than polymer networks. In 
particular, they are degradable, showing linear 
mass loss during hydrolytic degradation. 

We selected linear, phase-segregated 
multiblockcopolymers as the structural con- 
cept for our polymer system, because this 
polymer architecture allows tailoring of mac- 
roscopic properties by variation of molecular 
parameters. 

In the first step of the polymer synthesis, 
macrodiols with different thermal character- 
istics are synthesized through ring-opening 
polymerization of cyclic diesters or lactones, 
with a low-molecular-weight diol as initia- 
tor, and purified (16). In the current study, 
oligo(e-caprolactone)diol (OCL) was cho- 
sen as the precursor for the switching seg- 
ments having a melting transition tempera- 
ture (Tm). Crystallizable oligo(p-dioxanone)diol 
(ODX), with a higher Tm than OCL was 
chosen as a hard segment to provide the 

REPORTS 

physical cross-links (17). The melting transi- 
tion of the latter macrodiols is determined by 
the average chain length, which can be tai- 
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Fig. 2. Cyclic thermome- 
chanical experiment of 
PDC35 (37) with Ttrans = 
40?C. Results of the first 

3.J cycle are shown. Step 1 of 
the experiment was strain- 
controlled; steps 2 through 
4 to the beginning of next 
cycle were stress-con- 
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Fig. 3. Hydrolytic deg- 
radation of thermoplas- 
tic shape-memory elas- 
tomers in aqueous 
buffer solution (pH 7) at 
37?C. The relative mass 
loss for multiblockco- 
polymers differing in 
their hard segment con- 
tent is shown (PDC10, 
circles; PDC17, squares; 
PDC31, upward-pointing 
triangles; PDC42, down- 
ward-pointing triangles). 
m(t), Sample mass after 
a degradation period t; 
m(to), original sample mass. 

1,0 

0,8 

E 0,6 E 

0,4 
E 

0,2 

0,0 
0 50 100 150 200 250 300 

Degradation period (d) 

Fig. 4. Results of CAM 
tests of PDC38 (sam- 
ple length: left, -0.3 

6~?- i i _ cm; right, -0.5 cm). 
For a positive control 

L I l ~ _ sample, see (25). 

31 MAY 2002 VOL 296 SCIENCE www.sciencemag.org 

~- 7v "A"-...-v 

V 50^*^.^ 1 v 
*-*Y.~?s 

1674 



REPORTS 

nate (18). Hard segment contents of the synthe- 
sized polymers range from 0 to 83 weight % 
(wt %); and number-average molecular weights 
(MA), which were determined by means of gel 
permeation chromatography relative to polysty- 
rene standards, are between 35,000 and 77,000, 
with polydispersities around 2. Figure 1 shows 
melting properties of multiblockcopolymers 
differing in their hard segment contents. Glass 
transition temperatures are between -51? and 
0?C [table S2 (19)]. 

The multiblockcopolymers can be elongated 
up to 1000% [table S1 (19)] before they break. 
This allows deformations between permanent 
and temporary shape up to 400%, whereas the 
maximum deformation for Ni-Ti alloys is 8% 
(20). The mechanical properties strongly depend 
on the hard segment content. Increasing the 
amount of ODX in the reaction mixture leads to 
a stiffer polymer and a decrease of the corre- 
sponding elongations at break. This can be ob- 
served at all three investigated temperatures and 
is due to increased crystallinity [table S1 (19)]. 

To quantify shape-memory properties, pro- 
gramming and recovery were investigated by 
cyclic thermomechanical tests (21, 22). This 
simple test describes shape memory in one di- 

Fig. 5. A fiber of a thermoplastic shape-mem- 
ory polymer was programmed by stretching 
about 200%. After forming a loose knot, both 
ends of the suture were fixed. The photo series 
shows, from top to bottom, how the knot 
tightened in 20 s when heated to 400C. This 
experiment is also available as movie S2 (19). 

mension; however, the effect takes place in all 
three dimensions. The effect is commonly de- 
scribed with two important parameters. The 
strain fixity rate Rf describes the ability of the 
switching segment to fix the mechanical defor- 
mation, which is applied during the program- 
ming process. For our polymers, Rf lies between 
98 and 99.5%. The strain recovery rate Rr quan- 
tifies the ability of the material to recover its 
permanent shape. Rr depends on the cycle num- 
ber and gradually approaches 100% because of 
reorientation of the polymer chains in the unori- 
ented pressed films during the early cycles, be- 
cause of inelastic behavior. In the first cycle, Rr 
has values between 76 and 80% for our 
multiblockcopolymers and reaches 98 to 99% in 
the third cycle. Ni-Ti alloys show stresses in the 
range of 200 to 400 MPa during shape-memory 
transition, whereas the shape-memory thermo- 
plastics produce stresses in the range between 1 
and 3 MPa, depending on the hard segment 
content (23). The lower value for shape-memory 
polymers resembles the mechanical stresses in 
soft tissue (24). 

To record the change in elongation during the 
shape-memory effect, another cyclic thermome- 
chanical experiment was performed (Fig. 2). 
Step 1 is the deformation of the permanent shape 
and corresponds to a standard stress-strain test. 
After maintaining this strain for 5 min to allow 
relaxation for chains, the stress is then held 
constant while the sample is cooled (step 2), 
whereby the temporary shape is fixed. Then 
stress is completely removed after waiting for 10 
min (step 3), and the sample is now in its tem- 
porary shape. Heating in step 4 (2 K min-1) 
actuates the shape-memory effect. The contrac- 
tion of the sample can be observed on the strain 
axis, and the fastest shape change is recorded at 
Ttns = 40?C. 

We introduced hydrolyzable ester bonds 
in our polymers so that they would cleave 
under physiological conditions. The degrada- 
tion kinetics can be controlled through the 
composition and relative mass content of the 
precursor macrodiols. An increase in the 
ODX content leads to a faster loss in mass 
(Fig. 3), because the concentration of rapidly 
hydrolyzable ODX-ester bonds in the amor- 
phous phase is increased. 

Established synthetic degradable suture ma- 
terials are mainly aliphatic polyhydroxy acids 
showing bulk degradation. This degradation pro- 
cess can be split into several stages (25), the first 

20-C 37 C 41-C 
Fig. 6. Degradable shape-memory suture for wound closure. The photo series from the animal 
experiment shows (left to right) the shrinkage of the fiber while temperature increases. 

three of which are swelling, loss of molecular 
weight, and loss of sample mass. 

The degradation of L-lactide-based poly- 
esters shows a nonlinear mass loss leading to 
a sudden release of potentially acidic degra- 
dation products from the bulk material, which 
may cause a strong inflammatory response 
(26). The high crystallinity of oligomer par- 
ticles slows down degradation at the end of 
the process and leads to the formation of 
fibrous capsules in vivo (27). In contrast, the 
multiblockcopolymers presented here show 
linear mass loss in vitro (Fig. 3), resulting in 
a continuous release of degradation products. 

The tissue compatibility of our polymer 
was investigated with chorioallantoic mem- 
brane (CAM) tests, which are a sensitive 
method of evaluating toxicity (28). Nine sep- 
arate experiments were carried out. All tests 
showed good tissue compatibility when grad- 
ed according to Folkman (29). There was no 
detectable change in the number or shape of 
blood vessels or damage under or in the 
vicinity of the polymer film (Fig. 4). 

A challenge in endoscopic surgery is the 
tying of a knot with instruments and sutures to 
close an incision or open lumen. It is especially 
difficult to manipulate the suture so that the 
wound lips are pressed together under the right 
stress. When the knot is fixed with a force that is 
too strong, necrosis of the surrounding tissue 
can occur (30). If the force is too weak, scar 
tissue, which has poorer mechanical properties, 
forms and may lead to the formation of hernias 
(31). A possible solution is the design of a smart 
surgical suture, whose temporary shape would 
be obtained by elongating the fiber with con- 
trolled stress. This suture could be applied 
loosely in its temporary shape; when the tem- 
perature was raised above Tt, the suture 
would shrink and tighten the knot, applying the 
optimum force (32) (Fig. 5). 

An additional set of experiments to test the 
feasibility of this concept was performed. The 
highly elastic shape-memory thermoplastics 
were extruded into monofilaments (33). A ster- 
ilized suture (34) was programmed under sterile 
conditions by exerting a controlled stress on the 
extruded fiber and subsequent thermal quench- 
ing. This smart suture was tested in the following 
animal model: A rat (WAG; weight, 250 g; 
albino) was killed and shaved. An incision was 
made through the belly tissue and the abdominal 
muscle. The wound was loosely sutured with a 
standard surgical needle (Hermann Butsch, size 
15, 3/8 circle). When the temperature was in- 
creased to 41?C, the shape-memory effect was 
actuated (Fig. 6). This test was carried out four 
times using two different animals. For these 
tests, the fibers were elongated by 200% during 
programming and were able to generate a force 
of 1.6 N upon actuation of the shape-memory 
effect in vitro. During the animal experiment, 0.1 
N could be detected in the surrounding tissue 
(35). 
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This feasibility study suggests that this 
type of material has the potential to influence 
how implants are designed and could enable 
new surgical devices in the future. 
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Coherence of interacting oscillating entities has importance in biological, chemical, 
and physical systems. We report experiments on populations of chemical oscillators 
and verify a 25-year-old theory of Kuramoto that predicts that global coupling in 
a set of smooth limit-cycle oscillators with different frequencies produces a phase 
transition in which some of the elements synchronize. Both the critical point and 
the predicted dependence of order on coupling are seen in the experiments. We 
extend the studies both to relaxation and to chaotic oscillators and characterize the 
quantitative similarities and differences among the types of systems. 
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The collective behavior and synchronization of 
a population of somewhat dissimilar cyclic pro- 
cesses depend on the dynamics of the individual 
elements and on the interactions among them. 
Wiener raised the question of collective syn- 
chronization in a discussion of alpha rhythms in 
the brain (1). Synchronization has been shown 
to be an important process in the persistence of 
species (2) and in the functioning of heart pace- 
maker cells (3, 4), yeast cells (5), and neurons in 
the cat visual cortex (6). Visual and acoustic 
interactions make fireflies flash (7), crickets 
chirp (8), and an audience clap in synchrony (9). 
Applications in engineering may be found in 
coupled chemical reactions (10, 11), microwave 
systems (12), lasers (13), and digital-logic cir- 
cuitry (14). Winfree (4) and Kuramoto (15, 16) 
made a major advance in the theory of the onset 
of synchronization in populations with weak 
global coupling. In the model, each oscillator of 
an infinite set is described by a single variable, 
the phase, and is coupled to all other elements 
with equal strength. The theory predicts a tran- 
sition with increasing global coupling strength 
(K) at which some of the oscillators with origi- 
nally different frequencies become coherent, 
and it predicts the dependence of order on K 
above the critical point. The theory initiated 
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extensive theoretical activity in collective dy- 
namics and extensions to the effects of finite- 
size populations (17), fluctuations (18), and 
more complicated waveforms and coupling 
mechanisms (19, 20). For a recent review, see 
(21). Simulations on arrays of Josephson junc- 
tions (14) and of lasers (13) have shown that 
coherent motion in physical systems can be 
interpreted using the Kuramoto model. 

In this paper, we present results of a labora- 
tory experiment that confirm the phase transition 
and dependence of order on coupling strength 
predicted by the theory on smooth limit-cycle 
oscillators (16). We show a strong enhancement 
of fluctuations near the critical point that arise in 
finite-size systems, in accordance with the theory 
of Daido (17). In addition, we extend the exper- 
iments to relaxation and chaotic (22) oscilla- 
tors, which often occur in physical systems. 
We investigate the onset of coherence and the 
dependence of order and finite-size fluctua- 
tions on K, and we compare the characteristics 
of the three types of oscillators. 

The experimental system is an array of 64 
nickel electrodes in sulfuric acid (fig. S1). Cur- 
rent, which is proportional to the rate of metal 
dissolution, was measured on each electrode at a 
constant applied potential. Periodic or chaotic 
oscillations were observed, depending on con- 
ditions such as applied potential, acid concen- 
tration, and added external resistance (23, 24). 
Inherent heterogeneities on the metal surface 
produced a distribution of frequencies of the 
oscillators. K was controlled through the use of 

extensive theoretical activity in collective dy- 
namics and extensions to the effects of finite- 
size populations (17), fluctuations (18), and 
more complicated waveforms and coupling 
mechanisms (19, 20). For a recent review, see 
(21). Simulations on arrays of Josephson junc- 
tions (14) and of lasers (13) have shown that 
coherent motion in physical systems can be 
interpreted using the Kuramoto model. 

In this paper, we present results of a labora- 
tory experiment that confirm the phase transition 
and dependence of order on coupling strength 
predicted by the theory on smooth limit-cycle 
oscillators (16). We show a strong enhancement 
of fluctuations near the critical point that arise in 
finite-size systems, in accordance with the theory 
of Daido (17). In addition, we extend the exper- 
iments to relaxation and chaotic (22) oscilla- 
tors, which often occur in physical systems. 
We investigate the onset of coherence and the 
dependence of order and finite-size fluctua- 
tions on K, and we compare the characteristics 
of the three types of oscillators. 

The experimental system is an array of 64 
nickel electrodes in sulfuric acid (fig. S1). Cur- 
rent, which is proportional to the rate of metal 
dissolution, was measured on each electrode at a 
constant applied potential. Periodic or chaotic 
oscillations were observed, depending on con- 
ditions such as applied potential, acid concen- 
tration, and added external resistance (23, 24). 
Inherent heterogeneities on the metal surface 
produced a distribution of frequencies of the 
oscillators. K was controlled through the use of 

31 MAY 2002 VOL 296 SCIENCE www.sciencemag.org 31 MAY 2002 VOL 296 SCIENCE www.sciencemag.org 1676 1676 


