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Abstract: Shape memory polymers (SMPs) have a number of advantages as compared with their metal counterpart, i.e.,
shape memory alloys, in particular for biomedical applications. The recent finding of the influence of moisture on the
glass transition temperature of a polyurethane SMP, which is traditionally well-known for its thermo-responsive feature,
enables us to achieve not only the so called moisture-driven for shape recovery, but also the recovery following a predetermined sequence, i.e., programmed recovery. Utilizing these new features, we demonstrate a few novel applications of
this SMP for biomedical devices, in particular, for minimally invasive surgery and cell surgery in future.
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1. INTRODUCTION
Shape memory polymers (SMPs) have a number of advantages over shape memory alloys (SMAs), in particular for
biomedical applications. Larger recoverable strain (well over
100%), lower density and lower cost are the most important
ones among others [1]. Although photo-responsive and
chemo-responsive (namely, change in pH value) SMPs are
available, at present the most popular SMPs are those activated by heat, i.e., thermo-responsive SMPs. Unlike SMAs,
which can be directly actuated by Joule heating, i.e., by passing an electrical current directly for heating [2], it is rather
complicate to heat polymers, since they are intrinsically nonconductive in their natural form. Although electrically conductive SMPs can be realized by blending with various kinds
of conductive fillers [3-9], for instance, carbon black as the
simplest and cheapest filler, the actuation still cannot be triggered in a wireless manner. One of the recent developments
in terms of the technologies for activating thermo-responsive
SMPs is to heat SMP composites, which are mixed with
magnetic particles, by applying an alternating magnetic field
for induction heating [10-12]. Despite that direct wire connection is avoided, the generation of a strong enough alternating magnetic field requires an additional bulky system.
Laser heating is another recent development, which is only
applicable to certain transparent SMPs largely in thin wire
form and requires an optic fiber for laser beam to pass
through [13].
On the other hand, some SMPs have been developed to
be able to recover two shapes one after another upon heating
(i.e., from shape A to shape B and finally to shape C) [14,
15]. However, it is not easy to fabricate a SMP which can
recover its original shape following a pre-determined multistep sequence (more than two intermediate shapes), i.e., in a
programmable manner.
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Recently, a new approach to trigger the recovery of a
thermo-responsive polyurethane SMP has been identified
[16]. This polyurethane SMP can recover its original shape
upon immersing it into room temperature water, i.e., moisture-responsive, in addition to its well-known thermoresponsive feature. The moisture-driven shape recovery is
due to the strong influence of moisture absorbed upon immersing into water, which can significantly lower down the
glass transition temperature (Tg) of the SMP by up to over
25oC [17]. Consequently, instead of heating the material to
over its original Tg to trigger the actuation, the shape recovery can be initiated upon immersing into ambient temperature water due to the drop of Tg of the polymer. This finding
can also be utilized as a simple and convenient approach to
work out a SMP with different Tg at different locations, i.e., a
SMP with a functionally gradient Tg. Consequently, the recovery can be programmed in a step-by-step manner as
shown in Fig. (1).
With the thermo-moisture responsive feature, and the intrinsic good bio-compatibility of polyurethane, this SMP can
have a wide range of bio-related applications, in particular
for minimally invasive surgery and even for cell surgery.
The purpose of this paper is to demonstrate some novel concepts utilizing this material for, for instance, selftightening/self-unraveling suture, retractable stent and possibly delivering tiny devices/machines into a living cell.
2. MATERIAL BACKGROUND
The particular thermo-moisture responsive SMP is an ester-based thermoplastic polyurethane SMP obtained from the
Misubishi Heavy Industries (MHI), Japan. It is prepared
from diphenylmethane-4, 4’-diisocyanate, adipic acid, ethylene glycol, ethylene oxide, polypropylene oxide, 1, 4butanediol and bisphenol A. As indicated by MHI, the Tg of
this material can be tailored in order to meet the requirement
of a particular application. Here, we used MM3520 and
MM3550 (in pellet form), which have nominal Tg of 35oC
and 55oC, respectively as provided by MHI, and MS-5510
(SMP solution, 30 wt% of polyurethane resin and 70 wt% of
2010 Bentham Open
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Fig. (1). Recovery of a 1 mm diameter polyurethane SMP wire in water in a sequence. The wire was produced by extrusion. The top-half
wire was placed in water for a lower Tg, while the bottom-half was kept dry. The wire was then bent into a Z-shape. Upon immersing into
room temperature water, the top-half of the wire recovered first and the bottom half started to recover later. (Reprinted with permission from
[18]. Copyright 2005, American Institute of Physics).

Fig. (2). Shape recovery of a 300 nm thick polyurethane SMP film upon heating.

dimethylformamide [DMF]) for preparing various kinds of
samples.
For samples/devices made out of pellets, the raw material
was pre-dried in a vacuum oven at 80oC for 12 hours. Different shaped/sized samples were prepared by injection molding, extrusion and hot pressing following the processing procedures suggested by MHI. The thinnest wire we have prepared by extrusion was about 0.3 mm in diameter, and the
thinnest film by hot pressing was about 0.5 mm thick.
In addition, we have prepared ultra-thin films down to
300 nm thick by water casting using SMP solution (in DMF)
with 4wt% concentration. Fig. (2) reveals that the produced
ultra-thin film has excellent shape memory. A piece of carbon fiber (about 7 μm in diameter, left-top inset of Fig. 3)
was immersed into SMP solution (in DMF, with 5wt% concentration). By passing a constant electrical voltage of 23 V
over a fiber length of 40 mm for a while, after drying in air,
micro SMP beads were formed. The exact size of these
beads depends on the heating time. Typical SEM image of

these beads atop a carbon fiber is presented Fig. (3). The
wall-thickness of the zoom-in viewed bead in Fig. (3) is
about 1.5 μm at the thickest position. Prolonged heating
eventually resulted in the whole carbon fiber covered by
SMP almost uniformly, i.e., a SMP wire with a very small
carbon fiber core.
Porous polymers are very important in many applications, such as, in tissue engineering where they are applied as
scaffold for cellular attachment and tissue development [19].
The common agents used for polyurethane to develop porous
or foaming structures are organic solvents. The residues of
these agents remaining in the material may be harmful to cell
and tissue [20]. Utilizing the high moisture absorption capability of this polyurethane (over 4.5wt%, about half of it is
free water), we used water as a non-toxic agent to develop
porous SMP thin films [21]. Depending on the time of immersion in water and the late on heating temperature, different size and density of bubbles were resulted (Fig. 4). These
bubbles can even shrink or totally disappear upon heating
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Fig. (3). SEM image of micro polyurethane SMP beads. Left-top inset: carbon fiber; right-bottom inset: zoom-in view of a bead.

(Fig. 5). This is a very useful feature, since these bubbles
may be used to store medicine inside as micro reservoirs.

Upon heating or immersing into water, the medicine can be
pumped out due to the shape recovery (shrinkage) of these
bubbles.
Thin film SMP with magnetic chains inside using Fe3O4
powders (nominal particle size, <5 μm, purity 98%) has been
produced [22]. The chains were formed in three steps. First,

(a)

(a) Initial bubble

(b)

(b) After subsequent heating

Fig. (4). Porous SMP films using water as non-toxic agent. (a)
Heating at different temperature after immersing in room temperature water for two hours; (b) immersing in water for different period of time and heated at 120oC. [21].

Fig. (5). Soaked for two hours initially, heated to 102°C and subsequently heated to 80°C. [21]
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Fig. (6). Formation of magnetic chains [22].

and then a magnetic field was applied by using two pieces of
magnets for a certain period of time. Fig. (6) reveals the
formation process of these magnetic chains at different concentration of Fe3O4 powders. The last step was to dry the
thin film at 80oC. It is also possible to form vertical protrusive chains atop a SMP substrate if a vertical magnetic field
is applied. Such magnetic SMPs could be used for induction
heating (by applying an alternating magnetic field) for shape
recovery, or for guided patterning of particles or cells in tissue engineering.

(a)

It should be pointed out that it is possible to achieve excellent electrical conductivity for Joule heating for shape
recovery by blending with various types of electrical conductive fillers and the moisture-responsive feature still remains
in these composites [5]. Heat treated and non-treated attapulgite (playgorskite) clay (which is a kind of nano sized fabric)
(Fig. 7) has been used for reinforcement [23]. Uniform dispersion of the clay within the polymer matrix has been observed. Since the clay is electrically non-conductive, extremely cheap and biocompatible, it is a cost-effective alternative for enhanced performance.
It should also be pointed out that right after fabrication
all samples, in particular those thin wires and thin films,
should be stored in an air-tightened box and then keep in a
dry cabinet to prevent the possibility to be wetted by even
the moisture in air.

(b)
Fig. (7). SEM images of attapulgite (playgorskite) clay (a) and its
dispersion in SMP (b).

the Fe3O4 powders were mixed with the polyurethane SMP
solution. The well-stirred solution was cast on a glass surface

In addition, according to our previous study, the recovery
stress in this SMP could be as high as 1.5 MPa [1,24], which
is much lower than that of shape memory alloy, but more or
less comparable to that of normal organic tissues. The recoverable strain of this SMP (pure) is over 100% [1]. In order to
ensure a uniform deformation, it is recommended to deform
the SMP at a high temperature (e.g., 15oC above Tg) to avoid
the Luder band phenomenon. As show in Fig. 8a, the appearance of Luder band, which propagates from one end
towards the other end of the sample upon stretching, causes
the deformation non-uniformity, i.e., one side is deformed
much more than that of the other in the middle of stretching
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Fig. (8). Uniaxial tension at low temperature (a) and shape recovery upon heating (b). Luder band phenomenon is observed upon
stretching. However, upon heating, the recovery is more or less
uniform.

process. However, unlike that in shape memory alloys [25],
the transition temperature (Tg) of SMP is more or less independent on the amount of pre-strain. Thus, upon heating, the
shape recovery occurs simultaneous everywhere (Fig. 8b).
3. DEVICES AND DEMONSTRATION
As discussed above, this SMP has a number of unique
features and can be easily fabricated into almost any shapes
and sizes, and even with tailored properties for a particular
application. Since it is also biocompatible [26], as it is polyurethane based, it can be safely used for bio-devices.

The Open Medical Devices Journal, 2010, Volume 2

15

Fig. (9). SMP micro tag. (Reprinted with permission from [27].
Sage Publications).

Fig. (9) shows a living ant with a micro tag, which is
made of the SMP, mounted on one of its legs. First, a
through hole was drilled out at the center of a piece of SMP
thin wire in its length direction. Subsequently, the small hole
was expanded at 50oC (15oC above Tg of this SMP, which is
35oC) by inserting a tapped rod (with a significantly bigger
diameter than that of the hole) into the hole. After cooling
back to room temperature, the rod was removed and an expanded ring was obtained. This ring was then mounted to
one of the legs of a living ant. Upon heating to 35oC, the ring
shrank and held firmly to the leg as a permanent tag. This is
a simple example to demonstrate how to utilize the shape
memory behavior of this SMP in a simple device. As the
maximum stress is limited (actually rather gentle and compatible to tissue), there is no need to worry about the possible
damage to the leg due to over stressing. This is an apparent
advantage as compared with that in shape memory alloys.
After cooling back to ambient temperature, the tag becomes
much harder, so that it becomes difficult to be deformed. As
such, accidental loose/slip could be largely prevented.
SMP suture has been proposed for self-tightening of
knots for, for instance, minimally invasive surgery [28].
Limited by the space for maneuvering in minimally invasive
surgery, it is a rather difficult task to tighten these knots even
for the experienced surgeons. Self-tightening SMP suture
provides a simple solution to overcome this difficulty. Fig.
(10) shows the knot-tightening sequence of a SMP wire. A
piece of 0.75 mm diameter SMP wire was heated to 60oC,

Fig. (10). Self-tightening of a SMP wire upon immersing into room temperature water. (Reprinted with permission from [24] SPIE).
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Fig. (11). Self-tightening of a SMP wire wrapped around a sponge upon immersing into room temperature water. (Reprinted with permission
from [24] SPIE).

which is 25oC above the Tg of this SMP, and then stretched
by 50%. After cooling back to room temperature, a loose
knot was made and the two ends of the wire were fixed inside a container. Subsequently, the container was filled with
room temperature water (about 22oC). 20 minutes later, apparent shrinkage of the knot was observed. After another 20
minutes, the knot became much smaller, and eventually, the
knot was fully tightened. Fig. (11) further demonstrates the
tightening procedure of the same type of SMP wire (again
50% pre-stretched) initially loosely wrapped around a
sponge with both ends fixed. Different from other SMP sutures, since this SMP is thermo-moisture responsive, the suture can be pre-stretched at above Tg (60oC in these experiments) easily, and then recover it original shape upon immersing into room temperature water, i.e., self-tightening
upon absorption of water. As heating is avoided, the advantage of this SMP suture is apparent. A perfect wireless approach in inducing shape recovery is achieved. By reducing
the diameter of the SMP wires (currently 0.75 mm wires
were used), quick reaction should be achievable. On the
other hand, by coating the thin SMP with a layer, that is degradable within a particular environment after a certain period of time, one can control the time for the recovery to
happen.
Various types of self-expandable stents are widely used
in these days. Previously, stainless steel was the dominant
material for stents. In recent years, NiTi shape memory alloy
becomes an alternative. At present, various polymer (including biodegradable and/or shape memory polymers) stents or
polymer coated stents become popular and/or under development [29, 30]. A catheter is normally used to deliver a
stent into the required location and then to release the stent.
The expansion of the stent can be done by means of mechanical (elastic) expansion or the shape memory effect for
shape memory materials. However, once the stent is in place,
in general, it is very difficult to be removed. On the contrary,
a retractable stent is meant for easy-to-be-taken-out. This can
be realized by using the thermo-moisture responsive SMP.

A piece of thin film polyurethane SMP (0.5 mm thick)
was fabricated, pre-stretched by 50%, and then wrapped into
a round tube shape (Fig. 12a). The tube was mechanically
folded into star-like shape (Fig. 12b). This folded tube,
which had a much smaller diameter, could be delivered into
the required location by a catheter. The expansion of the
stent could be done in a standard mechanical manner (Fig.
12c). After a certain period of time, the SMP, which was
placed inside a water container (an environment similar to
that inside a human body), absorbed water, which subsequently triggered the shape recovery. Hence, the tube shrank
and its diameter reduced significantly (Fig. 12d). Finally, it
was ready for being taken out.

Fig. (12). Retraction of a pre-deformed polyurethane SMP STENT
in water. (Reprinted with permission from [24] SPIE).

In addition to reinforcement, since attapulgite clay is also
capable to quickly absorb a great amount of water, it can be
filled into SMP for speed-up the moisture induced shape
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Fig. (13). Delivery of a piece of S-shape thermo-moisture responsive SMP wire into a living cell (illustration).

Fig. (14). Demonstration of the concept of delivering a coiled SMP wire (0.5 mm diameter) into the hole inside a hydrogen gel. (a) A piece
of gel with a hole inside room temperature water; (b)-(c) delivery of a piece of straightened SMP wire into the hole inside gel; (d) recovery
of SMP wire inside the hole.

recovery. It should be pointed out, although fast reaction to
water/moisture might be an advantage in some applications
[31], in some others, such as in the above case of retractable
stent and the next application, a slow/delayed reaction is
more suitable.

surface can also remarkably alter the surface tension for tailored adhesion. Recently, SMP has been demonstrated as a
promising material for surface patterning of a variety of
shapes at from macro scale down to nano scale in a costeffective and convenient way [35, 36].

The shape memory phenomenon in ultra-thin polyurethane SMPs down to 300 nm thick has been confirmed (Fig.
2), which sheds light on the possibility of realizing tiny devices working inside a living cell or for cell surgery. Tiny
polymer devices down to a couple of microns in size, which
can be well fitted into a cell, have been fabricated. Despite
that such devices can be operated by a laser beam in water in
a non-contact fashion [32, 33], the delivery of such devices
into a living cell is still an unsolved problem. Thermomoisture responsive SMP could be the right solution to this
problem. As illustrated in Fig. (13), a piece of ultra-thin
thermo-moisture responsive SMP wire can be deformed
(straightened in this particular case discussed here), and then
inserted into the cell. Upon absorption of water inside the
living cell, the original S-shape is recovered. Fig. (14) demonstrates this concept at micro scale, in which we used hydrogen gel with a hole inside to represent a living cell. The
hydrogen gel was placed in water for full expansion before a
straightened SMP wire was inserted into the hole. The shape
recovery (coiled shape) of the SMP wire was achieved due to
the moisture-responsive feature of this polyurethane SMP.

In addition, Fig. (15) shows one piece of micro reversible
SMP composite chain (which is among a mass of such
chains atop a SMP substrate). The vertical chain (around 35
μm in diameter) was produced from polyurethane SMP solution mixed with Ni micro powders (about 5 μm in diameter)
(Fig. 15a). Upon heating, the chain became soft. The soft
chain deformed in responding to an applied magnetic field.
After cooling back to room temperature and the subsequent
removal of the magnetic field, the curved chain persisted and
became rather rigid (Fig. 15b). The chain was able to fully
recover its original shape upon heating (Fig. 15c).

Patterned surfaces are highly in demand for the enhanced
efficiency of many existing drugs and enabling the construction of entirely new therapeutic modalities [34]. Patterned

Apart from protrusive reversible chains, different
sized/types of wrinkles can be produced based the principle
of thermal mismatch induced buckling of a thin elastic layer
atop a soft substrate [37]. The general procedure is as follows. First, slightly pre-stretch (5% is enough) a piece of
SMP at above its Tg, and then cool it back to room temperature. After coating with a very thin layer of elastic metal (e.g.
a few nm of gold), heat the SMP to above its Tg for shape
recovery. Subsequently, strip-type of wrinkle is formed atop
SMP as shown in Fig. (16). Without pre-straining, labyrinths-type of wrinkle is produced when heated to the melting temperature of the SMP (Fig. 17).
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Fig. (15). Reversible vertical chain.

Fig. (16). Wrinkling (strips) atop 5% pre-strained SMP after shape recovery (a), and a zoom-in view of area A (b). The image is obtained by
3-D Wyko surface scanning.

(a)

(b)

Fig. (17). Wrinkles (labyrinths) atop SMP without pre-straining. (a) Optical image; (b) 3-D Wyko surface scanning.

4. CONCLUSIONS
Since the polyurethane SMP is biocompatible, it is intrinsically suitable for biomedical applications. Given the unique
thermo-moisture responsive feature and together with the
apparent convenience in processing and fabricating into a
variety of sizes and different shapes, as presented in Section

2 of this paper, it is expected that this material should have a
great potential for novel biomedical devices, with easily tailored properties to meet the requirements of a particular application. A few novel devices are demonstrated to prove the
feasibility of some concepts, in particular, for minimally
invasive surgery and cell surgery.

Thermo-Moisture Responsive Polyurethane Shape Memory

The Open Medical Devices Journal, 2010, Volume 2
[17]

ACKNOWLEDGEMENTS
We would like to thank M.S, Yahya and N. Liu for their
help to conduct some of the experiments, also R.Y.G.E. Lee
and W.L. Shi for their work as part of a TERP project, S.J.
Goh, Y.S. Chan, Y.W. Loh, A.P. Lim, J.R. Cen and K.C.
Khusbir for their efforts as part of their final year projects.
The attapulgite and SEM image of it were kindly provided
by Prof. G.H. Pan of Southeast University, China. This project was also partially supported by a BPE Cluster SEED
Grant (SFP 011-2005) of NTU.

[18]
[19]
[20]

[21]

REFERENCES
[1]

[2]
[3]
[4]

[5]

[6]

[7]
[8]

[9]

[10]

[11]

[12]
[13]

[14]
[15]
[16]

Yang B. Influence of moisture in polyurethane shape memory
polymers and their electrical conductive composites. PhD Dissertation, Nanyang Technological University, Singapore 2007.
Huang WM. On the selection of shape memory alloys for actuators.
Mater Des 2002; 23: 11-9.
Cho JW, Kim JW, Jung YC, Goo NS. Electroactive shape-memory
polyurethane composites incorporating carbon nanotubes. Macromol Rapid Commun 2005; 26: 412-6.
Li F, Qi L, Yang J, Xu M, Luo X, Ma D. Polyurethane/conducting
carbon black composites: structure, electric conductivity, strain recovery behavior, and their relationship. J Appl Polym Sci 2000; 75:
68-77.
Yang B, Huang WM, Li C, Chor JH. Effects of moisture on the
glass transition temperature of polyurethane shape memory polymer filled with nano carbon powder. Eur Polym J 2005; 41: 11238.
Beloshenko VA, Varyukhin VN, Voznyak YV. Electrical properties of carbon-containing epoxy compositions under shape memory
effect realization. Composites Part A 2005; 36: 65-70.
Leng JS, Lan X, Liu YJ, et al. Electrical conductivity of thermoresponsive shape-memory polymer with embedded micron sized Ni
powder chains. Appl Phys Lett 2008; 92: 014104.
Leng JS, Huang WM, Lan X, Liu YJ, Du SY. Significantly reducing electrical resistivity by forming conductive Ni chains in a
polyurethane shape-memory polymer/carbon-black composite.
Appl Phys Lett 2008; 92: 204101.
Koerner H, Price G, Pearce NA, Alexander M, VAiA RA. Remotely actuated polymer nanocomposites-stress-recovery of carbon-nanotube-filled thermoplastic elastomers. Nat Mater 2004; 3:
115-20.
Mohr R, Kratz K, Weigel T, Lucka-Gabor M, Moneke M, Lendlein
A. Initiation of shape-memory effect by inductive heating of magnetic nanoparticles in thermoplastic polymer. Proc Natl Acad Sci
USA 2006; 103(10): 3540-5.
Buckley PR, McKinley GH, Wilson TS, et al. Inductively heated
shape memory polymer for the magnetic actuation of medical devices. IEEE Trans Biomed Eng 2006; 53: 2075-83.
Razzaq MY, Anhalt M, Frormann L, Weidenfeller B. Thermal,
electrical and magnetic studies of magnetite filled polyurethane
shape memory polymers. Mater Sci Eng A 2007; 444: 227-35.
Maitland DJ, Metzger MF, Schumann D, Lee A, Wilson TS. Photothermal properties of shape memory polymers micro-actuators
for treating stroke. Laser Surg Med 2002; 30: 1-11.
Liu G, Ding X, Cao Y, Zheng Z, Peng Y. Novel shape-memory
polymer with two transition temperatures. Macromol Rapid Commun 2005; 26: 649-52.
Bellin I, Kelch S, Langer R, Lendlein A. Polymeric triple-shape
materials. Proc Natl Acad Sci USA 2006; 103(48): 18043-7.
Yang B, Huang WM, Li C, Lee CM, Li L. On the effects of moisture in a polyurethane shape memory polymer. Smart Mater Struct
2004; 13: 191-5.

Received: April 20, 2009

[22]

[23]

[24]

[25]
[26]

[27]
[28]

[29]
[30]

[31]
[32]

[33]
[34]

[35]
[36]

[37]

Revised: April 25, 2009

19

Yang B, Huang WM, Li C, Li L. Effect of moisture on the thermomechanical properties of a polyurethane shape memory polymer. Polymer 2006; 47: 1348-56.
Huang WM, Yang B, An L, Li C, Chan YS. Water-driven programmable polyurethane shape memory polymer: demonstration
and mechanism. Appl Phys Lett 2005; 86: 114105.
Thompson RC, Shung AK, Yaszemski MJ, Mikos AG. The principles of tissue engineering. San Diego: Academic Press 2000.
Mooney DJ, Baldwin DF, Suh NP, Vacanti JP, Langer R. Novel
approach to fabricate porous sponges of poly(D,L-lactic-co- glycolic acid) without the use of organic solvents. Biomaterials 1996;
17: 1417-22.
Huang WM, Yang B, Wooi LH, Mukherjee S, Su J, Tai ZM. In:
Glick HP, Ed. Materials science research horizons. New York:
Nova Science Publishers 2007; pp. 235-50.
Lan X, Huang WM, Leng JS, Liu N, Phee SJ, Yuan Q. Electrically
conductive shape memory polymer with anistropic electro-thermomechanical properties. In: Proceedings of the Polymers in defence
and aerospace applications. Smithers Rapra Technology Ltd 2007;
Paper 9.
Pan GH, Huang WM, Ng ZC, Liu N, Phee SJ. Glass transition
temperature of a polyurethane shape memory polymer reinforced
by treat/non-treated attapulgite (playgorskite) clay in dry and wet
conditions. Smart Mater Struct 2008; 17: 045007.
Huang WM, Yang B, Liu N, Phee SJ. Water-responsive programmable shape memory polymer devices. In: Proceedings of SPIE
2007; 6423: 64231S1-7.
Huang W, Wong YL. Effects of pre-strain on transformation temperatures of NiTi shape memory alloy. J Mater Sci Lett 1999; 18:
1797-8.
Sokolowski W, Metcalfe A, Hayashi S, Yahia L, Raymond J.
Medical applications of shape memory polymers. Biomed Mater
2007; 2: S23-7.
Huang WM, Lee CW, Teo HP. Thermomechanical behavior of a
polyurethane shape memory polymer foam. J Intell Mater Syst
Struct 2006; 17: 753-60.
Lendlein A, Langer R. Biodegradable, elastic shape-memory polymers for potential biomedical applications. Science 2002; 296:
1673-6.
Metcalfe A, Desfaits AC, Salazkin I, Yahia LH, Sokolowski WM,
Raymond J. Cold hibernated elastic memory foams for endovascular interventions. Biomaterials 2003; 24: 491-7.
Wache HM, Tartakowska DJ, Hentrich A, Wagner MH. Development of a polymer stent with shape memory effect as a drug delivery system. J Mater Sci: Mater Med 2003; 14: 109-12.
Jung YC, So HH, Cho JW. Water-responsive shape memory polyurethane block copolymer modified with polyhedral oligomeric
silsesquioxane. J Macromol Sci Part B Phys 2006; 45: 453-61.
Maruo S, Ikuta K, Korogi H. Optically driven micromanipulation
tools fabricated by two-photon microstererolithography. Mat Res
Soc Symp Proc 2003; 739: 269-74.
Ikuta K, Maruo S, Hasegawa T, Adachi T, Takahashi A, Ikeda K.
Biochemical IC chips fabricated by hybrid microstereolithography.
Mat Res Soc Symp Proc 2003; 738: 193-204.
Lu Y, Aguilar CA, Chen S. Shaping biodegradable polymers as
nanostructures: fabrication and applications. Drug Discov Today:
Technol 2005; 2(1): 97-102.
Liu N, Huang WM, Phee SJ, Fan H, Chew KL. A generic approach
for producing various protrusive shapes on different size scales using shape-memory polymer. Smart Mater Struct 2007; 16: N47-50.
Liu N, Xie Q, Huang WM, Phee SJ, Guo NQ. Formation of micro
protrusion array atop shape memory polymer. J Micromech Microeng 2008; 18: 027001.
Wu MJ, Huang WM, Fu YQ, Chollet F, Hu YY, Cai MD. Reversible surface morphology in shape-memory alloy thin films. J Appl
Phys 2009; 105: 033517.

Accepted: April 25, 2009

© WM Huang; Licensee Bentham Open.
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the
work is properly cited.

