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a b s t r a c t

Shape-memory polymers (SMPs) have been one of the most popular subjects under intensive investiga-
tion in recent years, due to their many novel properties and great potential. These so-called SMPs by far
surpass shape-memory alloys and shape-memory ceramics in many properties, e.g., easy manufacture,
programming, high shape recovery ratio and low cost, and so on. However, they have not fully reached
their technological potential, largely due to that the actuation of shape recovery in thermal-responsive
SMPs is normally only driven by external heat. Thus, electro-activate SMP has been figured out and its
significance is increasing in years to come. This review focuses on the progress of electro-activate SMP
composites. Special emphases are given on the filler types that affect the conductive properties of these
composites. Then, the mechanisms of electric conduction are addressed.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Shape-memory polymers (SMPs) have the shape-memory effect
as if they can be deformed and fixed into a temporary shape, and
then recover their permanent shape by external stimulus [1,2].
SMPs were first introduced in the mid 1980s, and interest in these
‘‘smart” polymers continues to grow today [2]. The development in
SMPs have grown rapidly in recent years, owing to their excellent
structural versatility, low manufacturing cost, easy in processing,
high elastic deformation (strain up to more than 200%, and low
recovery temperature [3,4]. These unique characteristics lend them
to be used in a myriad of fields, including clothing manufacturing,
deployable space structures, morphing aircraft, medical treatment,
and many other applications.

Same as other shape-memory materials, SMPs have the typical
shape-memory effect (SME). However, their recovery can be trig-
gered by various external stimuli, not only heat [5–9] such as
SMAs, but also light [10,11], electricity [12–19], magnetic field
[20–22] or solution [23–26], etc. Although so many efforts, focus-
ing on stimuli-responsive SMPs and their composites, have been
paid to date, still no convergent results were obtained. The demand
to get rid of external heaters has led to conductive SMPs filled with
fillers such as carbon nanotubes [12–14], carbon particles [15,18],
conductive fiber [16] and nickel zinc ferrite ferromagnetic parti-
cles, etc. [17–19]. The researches of electro-activated polymeric
composites have already been reported [12,13,16,27–30]. For
example, an electrical conductivity of shape-memory polyurethane
ll rights reserved.
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filled with 30% carbon black is about 1–10�1 S cm�1 [12]. Another
example is the shape-memory polyurethane composites incorpo-
rating 5 wt.% surface-modified multi-walled carbon nanotubes,
and the electrical conductivity about 10�3 S cm�1 was obtained
[13]. Paik et al. [14], incorporating of shape-memory polyurethane
with multi-walled carbon nanotubes, and the electrical conductiv-
ity was about 2.5 � 10�3 S cm�1. It is proposed a novel approach to
make shape recovery triggered more conveniently by passing an
electrical current through SMP composite with carbon black (CB)
nanoparticle and short carbon fiber (SCF) filled [19]. Leng et al.
[21], demonstrate an approach to significantly reduce the electrical
resistivity in polyurethane SMP filled with randomly distributed
carbon black and Ni particles which are aligned into chains by
applying magnetic field.
2. SMP filled with conductive fillers

2.1. SMP filled with carbon nanotubes

Goo et al. of Konkuk University firstly introduces the shape
recovery of conducting SMP composites using carbon nanotubes
by electrical current, not by applying thermal heating [12–14].
These achievements may lead to the application of SMPs as elec-
tro-activate actuators, which is important in many practical appli-
cations such as smart actuators for controlling micro-aerial
vehicles. To obtain conducting SMPs, multi-walled carbon nano-
tubes (MWNTs) were used after being chemically surface-modified
in a mixed solvent of nitric acid and sulfuric acid, for improvement
of interfacial bonding between polymers and conductive fillers.
These reports depict how to fabricate electro-activate SMP
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nanocomposites and how to utilize the voltage-triggered shape
memory for application as an actuator.

The electrical conductivity of composite films, measured by the
four point probe method, was in the order of 10�3 S cm for samples
of 5 wt.% modified MWNT content. With increasing the amount of
modified MWNT content, the electrical conductivity also increased.
And the effect of surface-modified MWNT on the electrical conduc-
tance was significant. The electrical conductivity of this surface-
modified MWNT composite was lower than that of the composites
filled with untreated MWNT, at the same filler content. This is
attributable to the increased defects in the lattice structure of car-
bon–carbon bonds formed on the nanotube surface owing to the
acid treatment. In practice, the severe modification of the nano-
tubes significantly lowered the electrical conductivity. As a result,
both the mechanical and electrical properties were dependent on
the degree of surface modification of the MWNTs, and the acid
treatment at 90 �C gave desirable properties for shape memory.

Fig. 1 shows the typical relation between the surface tem-
perature and applied voltage for the 5 wt.% surface-modified
MWNT composite. The temperature of the samples was mea-
sured using digital multi-meters (M-4660, DM-7241, and ME-
TEX) with a non-contact temperature measuring system.
Typically, with applied voltage (60 V), the sample heated above
35 �C in 8 s. It was, however, impossible to heat the sample
above its transition temperature with a voltage lower than
40 V [12].

Though preparing electro-activate shape-memory composites
and investigating their characteristics, the shape-memory effect
could be shown to be dependant on the filler content and degree
of surface-modification of the MWNTs. Composites made with sur-
face-modified MWNTs had improved mechanical properties, and
the modulus and stress at 100% elongation increased with improv-
ing surface-modified MWNT content. As a result, the electrical con-
ductivity of the surface-modified MWNT composites was lower
than that of the untreated MWNT composites. An order of
10�3 S cm�1 was obtained in the samples with 5 wt.% modified
MWNT content. Consequently, the composites with surface-modi-
fied MWNTs could show electro-activate shape recovery with an
energy conversion efficiency of 10.4% as well as improved mechan-
ical properties.

Cho [14] blends shape-memory polyurethane block copolymer
(SMPU) with carbon nanotube and carbon black. They are called
SMP-CNT and SMP-CB composites, respectively. The SMP-CNT
composite consists of SMPU and 3%, 5%, or 7% CNT, while the
SMP-CB composite consists of SMPU and 20% or 30% CB. In their
work, a conducting shape-memory polymer had been fabricated
and tested.

2.2. SMP filled with electromagnetic filler

It is found that by adding of surface-modified super-paramag-
netic nanoparticles into shape-memory polymer matrices, remote
actuation of complex shape transitions by electromagnetic fields is
possible. The thermosetting composite being made from oligo
(e-caprolactone)dimethacrylate/butyl acrylate contain between 2
and 12 wt.% magnetite nanoparticles serving as nano-antennas by
magnetic field heating. The specific loss power of the particles is
Fig. 1. Electro-activate shape recovery behavior of PU-MWNT composites (MWNT conten
to permanent (helix, right) within 10 s when a constant voltage of 40 V is applied.
determined to be 30 W g�1 at 300 kHz and 5.0 W. During the shape
transition at 43 �C, no further temperature increase is observed.

In Fig. 2(a), a photo series impressively documents the electro-
magnetically induced shape-memory effect of sample. The used
specimen is cut from the composite film as a rectangular strip (about
15 � 2 � 0.5 mm), referred to as the permanent shape. After heating
the sample to 70 �C, it is deformed to a helix and cooled to fix this
temporary shape by the formation of oligo(e-caprolactone) crystal-
lites. After this programming process, the sample holds the helical
shape in the absence of external forces as can be seen from
Fig. 2(b) (0 s). The shape transition in the AC field of 300 kHz was
documented with a digital camera. After 10 s, the starting conver-
sion of the helix was observed, taking another 10 s to be completed.
The final shape was close to the original rod with some remaining
flexion due to friction between the soft polymer and the glass plate.
The observed time window is in good agreement with the experi-
mental sample temperature in the induction heating experiment
with temperature control described above, and the temperature of
the sample’s environment (the open aired system inside the coil is
shown to be hardly affected by the process [17].

2.3. SMP filled with Ni chain

Leng and Huang adds magnetic particles into SMP, these parti-
cles formed chains by applying magnetic field in the cured process.
Electrical resistance is significantly reduced in this way. SEM
images reveal that single chains start to be formed at 1 volume
fraction percent of Ni. With the increase of Ni content, multi-chains
(bundles) are resulted, and eventually no clear Ni chain can be rec-
ognized (Fig. 3, left column). In addition, after five stretching-shape
recovery cycles, the Ni chains still exist (Fig. 3, right column),
which indicates the possibility of using chained SMPs for cyclic
actuation [21].

Fig. 4 plots the electrical resistivity of the random and chained
samples against the volume fraction of Ni powders. The volumetric
electrical resistivity q is calculated by

q ¼ RA
L

ð1Þ

where R is the measured resistance, A is the cross-sectional area of
sample, L is the length between two aluminum electrodes (refer to
the right insert in Fig. 4 for the setup for the resistivity measure-
ment). As expected, q of the random sample is the highest, while
q of random samples is lower. q of chained samples in the chain
direction is always the lowest. For example, at 10 volume fraction
percent of Ni powder, q of random sample is 2.36 � 104 X cm;
while in the chained sample, it is 2.93 � 106 X cm in the transverse
direction, and only 12.18 X cm in the chain direction. However, at a
high Ni content, q of all types of samples is close. This is due to that
the Ni chains become unrecognizable at a high Ni content, as re-
vealed in Fig. 4. At 10 volume fraction percent of Ni, the chained
sample (with a dimension of 16 � 5 � 0.6 mm) can be heated from
room temperature 20–55 �C by applying a voltage of 6 V (refer to
infrared image in Fig. 4, bottom-left insert), which is enough to trig-
ger the shape recovery. However, for the same setup and configura-
tion, it is only about 26 �C in the random sample. No shape recovery
can be actuated, as it is far below the actuation temperature [21].
t of 5 wt.%). The sample undergoes the transition from temporary shape (linear, left)



Fig. 2. (a) Schematic diagram of the LC resonant circuit-based HF generator used for induction heating experiments, and sample positioning; (b) photo series demonstrating
the shape-memory transition induced by the impact of an HF electromagnetic field, measured from the topside of the induction coil. The shape of the sample is changed from
helical (temporary shape) to a rectangular strip (permanent shape).

Fig. 3. Typical SEM images before (left column) and after (right column) five
stretching (at 50% strain) shape recovery cycles.

Fig. 4. Electrical resistivity vs. volume fraction of Ni powder. Right insert:
illustration of setup for the resistivity measurement along the chain direction.
Bottom-left insert: infrared image of temperature distribution in chained sample
(10 volume fraction percent Ni, 6 V).

Fig. 5. Resitivity vs. volume fraction of CB with/without 0.5 volume fraction percent
of Ni. Red symbol: right after fabrication; blue symbol: 1 month later. Inset figure
illustrates how the resistance was measured. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this paper.)
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Fig. 5 reveals the relationship between CB content and electrical
resistivity of SMP/CB/Ni (chained), SMP/CB/Ni (random) and SMP/
CB. It is clear that the additional 0.5 volume fraction percent of Ni,
if distributed randomly, only slightly reduces the resistivity of the
composites. However, at the same amount of Ni particles, if well-
aligned to form chains, can significantly reduce the electrical resis-
tivity by more than 10 times. Obviously, the remarkable reduction
in the electrical resistivity is the result of the conductive chains,
which serve as conductive channels to bridge those small isolated
CB aggregations. This bridging effect is more significant in compos-
ites loaded with a low amount of CB in which the CB aggregates are
relatively small in size and more isolated. As shown in Fig. 6, al-
most full recovery is observed in 120 s [22].

2.4. SMP filled with hybrid fibers

Fig. 7 shows the typical relation between the resistivity of com-
posites against fillers content. The curves of SMP filled with micro-
carbon powder and SMP filled with micro-carbon powder and SCF



Fig. 6. Sequence of recovery and temperature distribution. Top-left inset: dimen-
sions of sample; middle-left inset: pre-bent shape; bottom-left inset: temperature
bar (in �C). Sample (a) 10 volume fraction percent of CB, 0.5 volume fraction percent
of chained Ni; sample (b) 10 volume fraction percent of CB, 0.5 volume fraction
percent of randomly distributed Ni; and sample (c) 10 volume fraction percent of
CB only. The tests were repeated for more than five times on each sample.
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are served as comparison [16]. Through comparison, the compos-
ites containing nanoparticles have a better conductivity than that
blended with micro-size conductive filler that is why CB was se-
lected. As the amount of filler content increasing, the volume resis-
tivity decreased, and a synergy effect reduces the resistivity of CB/
SCF system. At the same time, the resistivity of the composite filled
with CB is 104 times higher than that of the composite with CB/SCF
at the same filler content of 7 wt.%. This can be attributed to the
fact that the inherent fibrillar form of SCF has a higher tendency
to form a three-dimensional network in the composites, ensuring
better electrical response than that of particulate fillers.

The characteristic volume resistivity curves for the SMP/CB/SCF
composite (shown in Fig. 7) indicate that SMP filled with 5 wt.% CB
and 0.5 wt.% SCF, of which the resistivity is 128.32 X cm, where
insulator to conductor transition presents; while the resistivity of
Fig. 7. Resistivity of SMP matrix filled with MCP, CB, MCP/SCF and CB/SCF systems
versus filler content.
composite containing 5 wt.% CB and 2 wt.% SCF is 2.32 X cm which
can be defined as conductor.

The electrically induced shape-memory effect is exemplarily
demonstrated for SMP with dimension of 112 � 23.2 � 4 mm filled
with 5 wt.% CB and 2 wt.% SCF shown in Fig. 8, where a change in
shape from temporary flexural shape to permanent plane stripe
shape occurring within 50 s is shown, when a constant voltage of
24 V is applied. The rate of shape recovery was strongly dependent
on the magnitude of the applied voltage and the electrical resistiv-
ity of SMPC [19].

As shown in Fig. 9, the short fibers are dispersed randomly;
however, there are many interconnections between fibers. These
interconnections form the conductive networks which can be used
to explain the excellent electrical conductivity of composites filled
with SCF. However, the dispersion of SCF is normally inhomoge-
neous within composites. As a result, the electrical conductivity
of composites filled with only SCF may not be good.

Two microstructure images in Fig. 9 show the formation of co-
supporting conductive networks. Such conductive networks could
improve the electrical properties of SMP composites. The disper-
sion of particles and short fibers in the SMP composites are evalu-
ated by investigating the cross-section of samples.

From Fig. 9, it is found that there is a distinct difference between
fibrous and particulate filler in influencing conductivity of the
composites. SCFs may be considered as a rigid long aggregate of
carbon, leading to easy formation of continuous conductive net-
works, and the amount of the networks generally determines the
effectiveness of conductivity. The increase of filler content would
increase the number of filler particles in the composite interacting
with incident conductive networks, although normally the aggre-
gates are separate from each other. Thus, the conductivity of com-
posites including particulate filler is poor, unless, very high filler
content is used. However, the particulate filler plays an important
role in SMPCs. There are two major reasons being used to account
it. First, its aggregate is the node of conductive network which
makes orientation of short fiber improves on; second, there are
many particles and their aggregates adsorbed on the surface of
SCF, enlarge surface of conductive fillers and improve the electrical
properties of polymer which ranged as one of the worst
conductors.

3. Summary and conclusions

In the past decade, numerous researches have been conducted
on the mechanism, shape recovery and electrical properties of
SMP filled with conductive filler and the corresponding applica-
tions. The electro-activate SMP has been mature attributed to the
works done at the early stage. This review regarding shape-
memory polymer continues its recent development in undergoing
electro-induced shape recovery, summarizes the growth of
Fig. 8. Electro-activate SMP filled with CB/SCF induced by applying 25 V.



Fig. 9. Morphology of short carbon fibers (the left one) and sectional observation (the right one).
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electro-activate shape-memory polymer investigation by our
group and other academic groups. Electricity as a stimulus enables
resistive actuation of shape-memory polymer filled with conduc-
tive fillers. In this way, external heating, which is unfavorable for
many applications and is used to stimulate conventional shape-
memory polymers, can be avoided. The electric triggering of
shape-memory polymer composites enlarges their technological
potential.
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