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 Blending a shape-memory polymer (SMP) (e.g., thermoplastic polyurethane) with an immis-
cible carrier polymer (e.g., poly(ethylene oxide) (PEO) or poly(vinyl alcohol) (PVA)) containing 
dispersed metal nanoparticles (AuNPs) is a simple approach to enable actuation via photo-
thermal heating. For blends containing up to 90% carrier polymer, the shape-memory capa-
bility can be thermally triggered either conventionally or utilizing internal heating via 
application of light that is resonant with the particle’s surface plasmon resonance. When 
incorporating nanoparticles in this manner, neither chemical modifi cation of the shape-
memory moiety nor solvation of the SMP is necessary. Actuation times are determined by the 
particular heterogeneous temperature distribution, which generally occurs under both con-
ventional and photothermal heating methods, but with different spa-
tial patterns. Blending an SMP with PEO containing AuNPs imposes 
a higher transition temperature (the melting point of PEO), enabling 
heat generated within the nanoparticle-containing regions to equili-
brate throughout the sample, resulting in performance under photo-
thermal conditions comparable with that achieved in a conventional 
heating approach. SMP:PVA blends actuate at the SMP transition tem-
perature and the response depends on the size of phase segregation 
between the PVA and SMP; when decreasing the characteristic size 
of the segregated regions, heat is effi ciently transferred and optimal 
photothermal performance is observed.    
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  1.     Introduction 

 Shape-memory polymers (SMPs) can be programmed 
to perform one-time actuation when exposed to heat 
or another stimulus. [ 1 ]  Most commonly, SMPs are block 
copolymers that contain a soft segment phase possessing 
a relatively low glass transition temperature ( T  g, soft ) and a 
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hard segment phase that has a higher  T  g  ( T  g, hard ). [ 2 ]  In the 
programming temperature range  T  g, soft  <  T  <  T  g, hard , the 
sample can be intentionally conformed to a non-equilib-
rium shape (resulting, for instance, in chain alignment and 
elongation within the hard segment region), which upon 
cooling ( T  <  T  g, soft ) is stabilized by the glassy soft segments. 
When subsequently heated above the transition tempera-
ture ( T  > T  g, soft ) where the soft segment again becomes 
rubbery, the sample relaxes to the originally fabricated 
equilibrium shape. Throughout the paper, the term “soft” 
component is associated with the transitioning region 
or segment, which is relaxed during setting and again 
relaxes/melts to allow actuation. “Hard” components 
which are still rigid/glassy during setting provide the force 
that restores the sample to its equilibrium shape when the 
reinforcing effect of the soft segment is removed above 
 T  soft . 

 Interest in the shape-memory effect [ 1,3 ]  continues to 
expand with new commercial applications including 
toothed-fasteners that release upon heating [ 4 ]  and labels 
that reveal distinctive authentication patterns [ 5 ]  adding to 
existing biomedical technologies, such as reactive sutures [ 6 ]  
and stents. [ 7 ]  Thermally responsive SMPs have intrinsic 
disadvantages when actuating via conventional heating 
including accidental triggering, warming of the surround-
ings, and an ineffi cient use of energy. For many applica-
tions, a signifi cant advantage may be realized by utilizing 
the photothermal effect of embedded metal nanoparticles 
to actuate SMP. [ 8–10 ]  In nanoparticle-mediated photo-
thermal processes, the particle’s surface plasmon reso-
nance (SPR) strongly absorbs incident light, which is 
converted into heat, resulting in an increase in particle 
temperature and the temperature of the surrounding 
poly mer. [ 11 ]  Because the surface-plasmon-mediated photo-
thermal effect is a highly effi cient, wavelength-specifi c 
process, signifi cant heating can be accomplished with rela-
tively low intensity irradiation. The maximum SPR wave-
length can be tuned to an absorption minimum of the 
surrounding material through appropriate selection of the 
particle composition, size, and aspect ratio. Thus, embed-
ding low concentrations of metal nanoparticles (i.e., less 
than a few weight percent (wt%)) within polymeric mate-
rials potentially enables internal heating of the polymer 
(e.g., up to hundreds of °C). [ 5,12,13 ]  In this work, spherical 
gold nanoparticles (AuNPs) with a relatively narrow distri-
bution (32 ± 8 nm) were used as the photothermal heaters. 

 Incorporating particles as externally controlled 
nanoscale heaters within SMP enables wavelength-specifi c 
heating: such a method eliminates accidental thermal trig-
gering and allows heating without signifi cantly warming 
the surroundings (even for material in direct contact with 
the heated composite), [ 13 ]  which are particularly important 
advantages for biomedical and defense-sector applica-
tions. Photothermal heating is more specifi c (wavelength 

and orientation sensitive) [ 13 ]  than induction heating of 
magnetic nanoparticles [ 14 ]  and does not require a strong 
magnetic fi eld. In the composite approach described here, 
no synthetic chemical modifi cation of the SMP is neces-
sary; rather the embedded particle determines the avail-
able wavelengths for heating and the shape-memory 
mechanism is still set and triggered by heat. 

 In order to utilize such a practical heating scheme, 
nanoparticles must be incorporated into the SMP. This is 
a particular challenge for metal particles (which are gen-
erally fabricated in solution and can degrade upon neat 
drying) and has limited photothermal applications in 
thermoplastics. We point out that the overall effi ciency 
of alternative photothermal processes due to doping 
with carbon nanomaterials or organic dyes is several 
orders of magnitude weaker than the metal nano-
particle effect. Previous published work has relied on in 
situ polymerization with the particles present, [ 8 ]  which 
is a synthesis-intensive method that cannot be gener-
ally applied to a wide range of materials, or on solvating 
thermoplastic polymers, [ 9,15 ]  which is only applicable to 
few commercial SMP. Here, a more general approach is 
introduced where the particles are placed within a non-
responsive carrier polymer, which is then blended with 
the SMP. These phase-segregated blends show similar 
triggering characteristics as the pure SMP material and 
their response can be implemented using either conven-
tional or photothermal heating methods. 

 The approach is demonstrated with blends comprised 
of up to 90% non-responsive polymer (10 wt% SMP), 
with the same blend composition but differing phase 
morphology, and with carrier polymers possessing glass 
and melt transitions either below (poly(ethylene oxide) 
(PEO)) or above (poly(vinyl alcohol) (PVA)) the SMP tran-
sition temperature. We address the observed changes 
in response magnitude, quiescence time (i.e., time after 
heat is applied before any movement), and character-
istic response time as a function of the blend proper-
ties (e.g., type and concentration) and differences due to 
photothermal and conventional actuation. The hetero-
geneous temperature distribution (different tempera-
tures at different positions within the sample) present 
in both heating schemes is discussed. Simple models 
of the blends’ thermal and mechanical properties are 
utilized to form a cohesive picture of the response of a 
poly urethane-based SMP under these conditions. These 
results should be broadly applicable to a variety of par-
ticle-based heating schemes and provide further under-
standing of the important heat transport issues within 
such useful blends. For suffi ciently intimate blending 
with PVA, the response under photothermal heating 
could be identically matched with that of the neat SMP 
heated conventionally, refl ecting no loss in performance 
and the enhanced ability to heat via light.  
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  2.     Results and Discussion 

  2.1.     Optical Properties 

 For the spherical AuNPs utilized in this work, the SPR 
peaks at ≈525 nm (Figure  1 , AuNP solution). [ 16,17 ]  Solid-
phase samples of SMP:PEO or SMP:PVA containing AuNPs 
(gray dashed line and black dotted line, respectively) dis-
play the same spectral feature (little or no shift in the peak 
location), indicating no signifi cant nanoparticle aggrega-
tion. [ 16,18 ]  The spectra for pure SMP, pure PEO, and PVA 
(lines drawn with short dashes, gray dots, and dash–dot–
dot symbols, respectively) are generally featureless.   

  2.2.     Characterization of Phase Segregation 

 Optical images from characteristic nanoparticle-con-
taining samples (0.2 wt% AuNPs:carrier polymer in 
50:50 SMP:PEO, 50:50 SMP:PVA, and twice-mixed 50:50 
SMP:PEO) are shown in Figure  2 . All composite samples 
were macrophase-segregated with the AuNP-doped PEO or 
PVA regions remaining distinct from the SMP regions, as 
expected due to the poor miscibility of the carrier polymers 
and polyurethane. The AuNPs endow the carrier material 
phase with a reddish appearance due to the strong absorp-
tion of green light. Images of blended samples without 
nanoparticles were similar. The characteristic phase size 
in all standard fabricated samples was ≈0.5 mm. “Twice 
mixing” the samples (see Experimental Section) resulted in 
smaller phase size (≈0.1 mm) and less distinct macrophase 
separation (Figure  2 e–h). Additionally, the incorporation of 
the fl uorescent molecule perylene endows samples with a 

light yellow color (due to absorption of violet-blue light), 
which was present in all phases, suggesting that the per-
ylene is uniformly distributed throughout the sample. To 
determine if a mixed interphase of PEO (PVA) and SMP was 
present, optical images were analyzed by counting the 
number of fi lled (red, i.e. dark in greyscale image) pixels 
(Table  1 ). For all standard-fabricated samples, the observed 
areal fractions matched with expectations. Twice-mixed 
samples revealed a larger-than-expected AuNP-containing 
areal density, which may be indicative of a low level of 
AuNP migration from carrier regions to the SMP phases 
during the secondary regrinding step.    

  2.3.     Shape-Memory Actuation 

 Figure  3 a presents characteristic experimental data from 
a photothermally driven single actuation for a 50:50 
SMP:PEO sample with 0.2 wt% AuNPs. The set, folded 
sample has a ≈30° initial angle (limited by the support 
clip, Figure  3 b, i); angle is observed as a function of time 
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 Figure 1.    Normalized extinction spectra for different sample 
types. The vertical line is at 522 nm. No polymer fi lms (PEO, PVA, 
and SMP) show any distinctive absorptive features in this region. 
The absorption peak of the as-fabricated AuNP in solution (water), 
of SMP:PEO fi lms with 0.1 and 0.2 wt% of AuNPs:carrier polymer, 
and of SMP:PVA fi lms is 522 ± 3, 530 ± 10, 525 ± 3, and 526 ± 3 nm.

 Figure 2.    Optical images of a,b) 50:50 SMP:PEO (with 0.2 wt% 
AuNPs:PEO) samples fabricated in the standard manner or e,f) 
twice-mixed, and c,d) 50:50 SMP:PVA (with 0.2 wt% AuNPs:PVA) 
standard and g,h) twice-mixed samples. Scales for each column 
are given in the second row images.
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(Figure  3 b, ii–iv). Upon illumination, there is a delay until 
the onset of motion (the quiescent time, B − A) followed by 
a characteristic time for sample actuation (the response 
time (C − B)/2), until ultimately a fi nal angle is attained 
as the sample reverts to its initial fl at shape. This general 
behavior occurred for all samples, with variation in the 
characteristic times and angles, depending upon the mate-
rials and conditions employed.   

  2.4.     Heterogeneous Temperature Distributions in SMP 
under Conventional Heating 

 For oven temperatures of 70–91 °C, samples placed into 
a preheated oven begin to respond and usually complete 
actuation before reaching the equilibrium oven tempera-
ture. Figure  4  shows the bulk sample temperature at the 
instance of fi rst movement for pure SMP 0.4-mm-thick 
fi lm samples (open circles). At the beginning of actuation 
(e.g., at point B in Figure  3 ), the average sample tempera-
ture is 48 ± 1.5 °C regardless of the oven temperature. Pre-
vious studies of Tecofl ex EG 72D [ 19 ]  showed a soft segment 
 T  g, soft  = 74 °C, with a sharp, order of magnitude decrease 
in storage modulus between 35 and 60 °C, consistent 
with the beginning of actuation at sample temperature 
 T  ≈ 50 °C. Other studies on SMP “gated” or “switched” by 
a soft segment’s glass transition have shown movement 
below  T  g,soft , as this is not a sharp transition, with slower 
heating rates associated with lower temperatures at initial 
motion. [ 20 ]  One effect of oven temperature is a decrease 
in the quiescent time (data not shown) – the time needed 
for the sample to warm to 48–49 °C – before the sample 
moves, with lower oven temperatures resulting in longer 

wait times. More importantly, response time was a func-
tion of oven temperature.  

 Figure  5 a (open circles for pure SMP) displays the 
average temperature during actuation, which is also 
largely independent of oven settings, and ranges from 
52 to 55 °C. In contrast, the response time (open black 
circles, Figure  5 b) decreases with increasing oven tem-
perature from 7.5 ± 1.8 s ( T  oven  = 70 °C) to 3.8 ± 0.4 s 
( T  oven  = 91 °C), even though the bulk sample tempera-
tures at the beginning of and during actuation are the 
same for all oven temperatures. In these cases, the sur-
face of the fi lm sample is likely at the oven temperature 
(70–91 °C), even though the bulk temperature has only 
warmed to ≈50 °C. The warmer sample regions result 
in faster dynamics and thus a decreased response time. 
This is an example of a particular locally heterogeneous 
temperature distribution (in this case, warmer on the 
surface, cooler in the interior) that occurs under conven-
tional heating, and thus provides a useful comparison 
with the heterogeneous temperature patterns that are 
formed under photothermal heating as discussed below. 
Under conditions where the temperature is not spatially 
homogeneous, the overall dynamics of the actuation can 
be thought of as governed by an “effective dynamic tem-
perature”, [ 21 ]  which has a value lying between the surface 
and bulk extremes.  

 Overall, SMP only samples responded at bulk tempera-
tures of ≈50 °C with response time governed by surface 
temperature. Under all conditions, the pure SMP samples 
(0.3–0.4 mm thick, initial angle 31.0 ± 4° limited by the 
mounting clip) opened completely with an average fi nal 
angle of 179.0 ± 2.5°.  
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  Table 1.    Results of optical analysis quantifying the observed areal fraction associated with the carrier polymer phase (column 4). The fi rst 
three columns specify the sample type including the expected carrier wt%. The areal fraction error is the standard deviation in the measured 
value from analysis of several images of each sample type.  

Polymer blend AuNPs:carrier polymer 
[wt%] 

Carrier polymer:total polymer 
[wt%] 

Areal fraction 
[%] 

SMP – – 0.9 ± 0.2

PEO & SMP – 50 51 ± 11

PEO & SMP 0.1 50 55 ± 6

PEO & SMP 0.2 50 60 ± 10

PEO & SMP a) 0.1 50 57 ± 4

PEO & SMP a) 0.2 50 62 ± 8

PVA & SMP 0.2 25 30 ± 8

PVA & SMP 0.2 33 37 ± 9

PVA & SMP 0.2 50 52 ± 5

PVA & SMP 0.2 90 92 ± 3

PVA & SMP a) 0.2 50 61 ± 6

    a) Twice-mixed.   
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  2.5.     Effect of Blending with PVA 

 Blending shape-memory polyurethane with other poly-
mers will alter the samples’ thermal and mechanical prop-
erties; to understand these changes, composite samples 
were tested under conventional heating for a direct com-
parison with the behavior of neat SMP fi lms. The observed 
initial response temperatures for 50:50 SMP:PVA (0.2 wt% 
AuNPs) blends subjected to conventional heating are 
shown in Figure  4  (fi lled triangles). The SMP:PVA blends 
begin to actuate at similar temperatures as the neat SMP. 
Similarly, the response times and temperatures of such 
samples (Figure  5 a,b, fi lled triangles) also overlap those 
for pure SMP. Mechanically, as compared with the com-
posite PEO fi lms, the 50:50 SMP:PVA samples were rela-
tively rigid, possessing an average initial opening angle of 
30 ± 11° and an average fi nal angle of 170 ± 7°. 

 Altering the blend fraction from 10 to 90 wt% SMP had 
no effect on the quiescent time (Figure  6 , fi lled triangles), 
and all samples types (blends (independent of concen-
tration) and neat SMP) warmed at the same rate under 
the same oven conditions. This confi rms the interpreta-
tion that the quiescent time is simply the wait required, 
while the sample warms from its ambient temperature to 
a level where actuation is possible. As might be expected 
due to the decrease in active, actuating polymeric frac-
tion, the response (Figure  7 , fi lled triangles) was slowed 
as the fraction of SMP decreased, yet response times 
were still within a factor of 2 of the neat SMP. In the 
most extreme case tested, 10:90 SMP:PVA samples had 
an average response time of 8.2 ± 2.0 s as compared with 
4.9 ± 0.8 s for pure SMP under similar conditions. How-
ever, the fi nal angle for samples with 90% PVA was only 
127 ± 10°.   

 Thus, blending with PVA preserved the basic SMP 
response while easily incorporating nanoparticles 
that could be utilized for photothermal heating. These 
results are consistent with the nature of polyurethane 
SMP, which is a biphasic material even in neat form. [ 2 ]  
Hence, the PVA acts as either an additional inert com-
ponent or adds to the “hard” phase fraction within the 
sample. [ 1,2 ]  Samples are “set” at temperatures below or 
just approaching the  T  g  of PVA (≈85 °C); accordingly the 
PVA is still relatively rigid during the setting. In addi-
tion, in contrast to SMP:PEO blends (Section 2.6), the 
transition temperature of SMP:PVA blends is unaltered, 
indicating that PVA does not act as a “soft/switching” 
component.  

Macromol. Chem.  Phys. 2014,  215,  2345−2356

 Figure 3.    a) Angle versus time for actuation of fi lm samples 
composed of 50:50 SMP:PEO containing 0.2 wt% AuNPs under-
going irradiation by 0.43 W cm −2  of 514 nm light. The sample is 
initially folded over (inset schematic) and straightens under pho-
tothermal application of heat. b) Sample images provided at indi-
cated time points (i–iv) revealing characteristic motion. Scale bar 
is the same for all images.

 Figure 4.    The measured bulk temperature at the moment actua-
tion begins for composite fi lm samples placed in a conventional 
oven at temperatures ranging from 70 to 91 °C. When present, 
AuNPs are at a concentration of 0.2 wt%. The error is determined 
from measurements of fi ve different samples under the same 
conditions.
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  2.6.     Effect of Blending with PEO 

 In some circumstances, PVA is known to have shape-
memory ability; [ 1,22 ]  in addition, the rigidity due to 
blending with a polymer in its glassy phase could hinder 
full actuation. PEO is a semicrystalline polymer ( T  g  = −67 °C, 
 T  m  = 65 °C) with amorphous regions, which remain in the 
rubbery phase at and above room temperature. PEO has a 
low barrier to crystallinity and possesses crystalline frac-
tions >60% under most fabrication conditions. [ 23 ]  Hence, 
PEO is likely to behave as either an inert load or serve as 
an additional “soft” or “switching” component within the 
sample, given that at the setting temperatures (70–80 °C 
for PEO:SMP samples), the PEO is above  T  m . 

 SMP:PEO blends (50:50 SMP:PEO) displayed longer 
observed quiescent times (data not shown) and warmed 
to a higher temperature before actuation began compared 
with SMP:PVA or neat SMP. The bulk temperatures at the 
beginning of (averaging over all conditions 60 ± 2 °C) 

and during (Figure  5 a (fi lled circles and open squares), 
on average 65.4 ± 1.6 °C) actuation are close to the PEO 
melting point (65 °C). Thus, this data suggest that the tran-
sition temperature of the SMP:PEO blends is increased to 
the PEO  T  m . The contiguous PEO domains may “jam” the 
sample and mechanically prevent relaxation of elongated 
chains in the “hard” SMP domains until the PEO melt 
transition. PVA domains may, on average, be more iso-
lated and less connected, which is more consistent with 
an inert or “hard” component (see Section 2.8). 

 The observed quiescent times for composite PEO blends 
are longer than for other sample types because the 
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 Figure 6.    Quiescent time versus SMP concentration for 400 μm 
thick SMP:PEO and SMP:PVA samples annealed conventionally at 
 T  oven  = 80 °C. The error is determined from measurements of fi ve 
samples under the same conditions. SMP:PVA samples have 0.2 
wt% AuNPs:PVA.

 Figure 7.    Response time versus SMP concentration for 400 μm 
thick SMP:PEO and SMP:PVA samples annealed conventionally 
at  T  oven  = 80 °C. The error is determined from measurements of 
fi ve samples under the same conditions. SMP:PVA samples have 
0.2 wt% AuNPs:PVA.

 Figure 5.     a) Response time and b) average bulk sample tempera-
ture during response for samples placed in an oven, undergoing 
conventional heating at temperatures ranging from 70 to 91 °C. 
When present, AuNPs are at a concentration of 0.2 wt%. The 
error is determined from measurements of fi ve samples under 
the same conditions.
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sample must warm to a higher temperature in order to 
actuate and because such samples have a slower rise in 
temperature with time, as expected due to the PEO phase 
transition. This intrinsic difference in heating rate is the 
most dramatic for  T  oven  = 70 °C; e.g., 50:50 SMP:PEO sam-
ples require about 15 s longer to attain a temperature of 
66 °C than neat SMP samples in identical oven conditions. 
These trends are supported by quiescent time as a func-
tion of blend concentration (fi lled circles, Figure  6 ), which 
shows a dramatic increase in the delay time before move-
ment as the PEO concentration is increased. 

 Heterogeneous temperature effects are also present 
in SMP:PEO blends. For an oven temperature of 70 °C, 
the blend samples warm nearly to the equilibrium tem-
perature (a bulk temperature of 66−67 °C) during actua-
tion, with a corresponding response time of 23.3 ± 3.6 s 
(fi lled circles and open squares, Figure  5 b). This is the 
response time when the temperature is almost homo-
geneous throughout the sample. As the oven temperature 
is increased, the bulk temperature required for/during 
actuation remains within 1−2 °C of the PEO  T  m , however, 
the surface temperature during actuation is signifi cantly 
warmer, leading to faster responses. When the sample 
surface is at 91 °C, the response time has fallen to 6.4 ± 
1.9 s, which is within a factor of 2 of the response of neat 
SMP under the same heating conditions and comparable 
with the response time of neat SMP in a 70 °C oven. Thus, 
the same general effect of heterogeneous temperature is 
present in both the blended and pure SMP samples. 

 Response times also provide an insight into the role of 
the PEO during the transition. For the 50:50 SMP:PEO sam-
ples in Figure  5 , the bulk sample temperature is always 
warmer than the corresponding SMP sample and the 
surface temperatures are similar. However, the blended 
samples respond signifi cantly more slowly. In contrast, 
the response time for a 50:50 SMP:PVA composite sample 
overlaps that of the pure SMP within error, and SMP:PVA 
blend response times only deviate signifi cantly at the 
10% SMP level. In fact, response times for a SMP:PEO com-
posite at different blend ratios are always longer than 
the corresponding PVA blend, even though the fraction 
of the underlying responsive material (i.e., the SMP frac-
tion) is the same in the two cases (Figure  7 ). Not only do 
SMP:PEO fi lms have longer response times, they also pos-
sess a more dramatic change in response time with tem-
perature than pure SMP samples, indicating the presence 
of a larger barrier to molecular motion, which is most 
logically associated with the PEO melting process. The 
signifi cant fraction of immobile rigid crystallinity (for 
instance, spherulites of signifi cant size) [ 21 ]  is likely to sig-
nifi cantly hinder actuation. Thus, all of the available time 
and temperature data support a self-consistent picture 
of the PEO, acting as a second “soft” phase material com-
ponent. SMP:PEO blends set in the same manner as pure 

SMP samples (folded completely to 0° angle, which was 
opened to ≈30° for mounting) and fully actuated (fi nal 
angle 175 ± 3° for 50:50 blend).  

  2.7.     Response Under Photothermal Heating 

 To summarize the previous sections, based on the results 
from conventional heating, samples composed of SMP:PVA 
mixtures respond at bulk temperatures of ≈50−55 °C, 
where the PVA is either inert or has only a weak shape-
memory effect. In contrast, SMP:PEO blends respond at 
bulk temperatures of ≈65 °C and the PEO acts as an addi-
tional soft/switching phase. Under photothermal heating, 
heat will be generated within the PEO or PVA phases at the 
nanoparticle locations and the SMP phases will only be 
warmed by conduction from these hotter material regions. 
Thus, the interior of the sample will be generally warmer 
than the surface and a heterogeneous temperature distri-
bution will be present within the sample interior before it 
reaches equilibrium (just as in the conventional heating 
case but with a different spatial distribution of tempera-
tures). As in the conventional case, shape-memory actua-
tion occurs fully in the time before a fi nal equilibrium 
temperature is established. 

 Under application of photothermal heating, the average 
sample temperature [ 5 ]  can be tracked, which gives similar 
information as the bulk temperature measurement in 
the conventional heating case. However, under photo-
thermal heating, the hottest temperature in the sample, 
which occurs locally at every photothermally heated 
particle rather than at the sample surface in the conven-
tional approach, is not usually estimated or specifi cally 
measured. Previously, the authors have utilized rotation 
of an anisotropic particle as means to estimate the tem-
perature in the local vicinity of the particle and compare 
it with the average sample temperature. Higher nano-
particle concentration and lower light intensity result in 
more homogeneous temperature distribution, that is, a 
smaller difference between the particle and background 
temperatures. As an example, experiments with varying 
wt% of gold nanorods in neat PEO under a constant irra-
diation intensity resulted in average background sample 
temperatures of ≈10−30 °C lower than the temperature 
in the immediate vicinity of the particle, once a steady-
state equilibrium temperature is established. [ 5,12,13 ]  Thus, 
the hottest temperature in the sample could be as low as 
10 °C or as high as ≈30 °C above the bulk temperature. 

  2.7.1.     SMP:PEO Response Under Photothermal Heating 

 Under photothermal heating, SMP:PEO samples (with 
either 0.1 or 0.2 wt% gold particles under three different 
heating conditions (0.3, 0.38, and 0.43 W cm −2 ) that ulti-
mately result in equilibrium temperatures of 79 ± 3, 85 ± 3, 
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and 94 ± 4 °C, averaging over all sample types) began 
to move and completed actuation at similar tempera-
tures, irrespective of heating condition or sample type. 
Actuation started when the average sample tempera-
ture reached 37.5 ± 3.6 °C, accounting for all six experi-
mental cases, which had overlapping errors. The average 
temperature during actuation was 62.5 ± 5.7 °C, which 
is fully consistent with the bulk temperature during 
actuation under conventional heating of 65 ± 2 °C. Thus, 
shape-memory action occurs only when the majority of 
the sample is at the PEO melt temperature, as discussed 
above. However, the lower temperature at the beginning 
of motion (compared with the analogous value under 
conventional heating of 60 ± 2 °C) reveals the greater tem-
perature inhomogeneity internally present within the 
sample under photothermal heating (i.e., a larger tem-
perature difference between the warmest and coldest 
regions), which may be particularly enhanced early in the 
heating process. 

 The average response times under photothermal 
heating varied from 44 ± 17 (0.1 wt% AuNPs at the lowest 
intensity) to 19 ± 6 s (0.2 wt% AuNPs at the highest inten-
sity), with data from most conditions overlapping within 
error. Figure  8 a summarizes response time for 50:50 
SMP:PEO (0.2 wt% AuNPs) blends under different fabrica-
tion and heating conditions. The response time refl ects 
an average dynamic temperature of the sample, which 
will fall in the range between the lowest and warmest 
temperatures at different spatial locations, with a value 
that will depend on the details on the particular spatial 
gradients in temperature. Comparing the analogous con-
ventional experiments summarized above, photothermal 
response (Figure  8 a, partially fi lled squares) is slower, 
which indicates the dynamic temperature is the same, or 
lower, under these photothermal conditions than in the 
conventional analogs. Such behavior is understandable 
because the warmest regions of the sample are within the 
PEO phase whereas the actuation is initiated in the SMP 
phase.  

 Comparing the temperature gradients in the two 
heating scenarios, the bulk temperature during actua-
tion is similar (62−65 °C, as discussed above). On the other 
hand, the warmest temperatures in the photothermal 
case are expected to be at least ≈10 °C higher than the 
fi nal steady-state average temperatures (as the particle 
itself should equilibrate very quickly and thus have a 
constant temperature with time) resulting in an esti-
mated range from 80 to 105 °C, which is similar to but 
likely warmer than the hot surface in the conventional 
cases. Very warm temperatures at the nanoparticle are 
also consistent with the low-average sample tempera-
ture at which actuation begins. Thus, there is an innate 
balance between the temperature (higher) and loca-
tion (less optimal) of the warmest regions when heating 
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 Figure 8.    a) Response time versus oven temperature (lower axis, 
open squares and open circles) or laser intensity (upper axis, par-
tially fi lled squares and stars) for neat SMP and 50:50 SMP:PEO 
samples fabricated with a standard (squares) or twice-mixed 
(stars) blending procedure. There is no difference in response 
under photothermal heating for different phase sizes (compare 
partially fi lled squares and stars). Photothermal heating at higher 
intensities results in response times similar to conventional 
heating in a 70 °C oven, which is close to the stated SMP tran-
sition temperature of 73 °C. Error is determined from measure-
ments of fi ve samples under the same conditions. b) Response 
time versus oven temperature (lower axis, fi lled triangles and 
open circles) or laser intensity (upper axis, partially fi lled triangles 
and stars) for neat SMP and 50:50 SMP:PVA samples fabricated 
with a standard (triangles) or twice-mixed (stars) blending proce-
dure. For SMP:PVA samples with large phase-segregated regions, 
response time under photothermal heating is much slower than 
conventional actuation (difference between partially fi lled and 
fully fi lled triangles). In contrast for the smaller phase segrega-
tion (stars), the photothermally heated 50:50 blend performed 
as well as the pure SMP. The change in photothermal response 
time with smaller morphology is indicated by the black arrow. 
Error is determined from measurements of fi ve samples under 
the same conditions.
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photothermally from a blend. This challenge is addressed 
experimentally in Section 2.8. For 50:50 SMP:PEO 
(0.2 wt% AuNPs) sample, irradiation at the highest inten-
sity resulted in a fi nal opened angle of 161 ± 14°, which 
overlaps the average fi nal angle (175 ± 3°) when heated 
conventionally.  

  2.7.2.     SMP:PVA Response Under Photothermal Heating 
and Comparison of Blend Types 

 50:50 SMP:PVA (0.2 wt% AuNPs) blends began to respond 
within a few seconds of irradiation (independent of 
laser intensity), when the average temperature was still 
indistinguishable from room temperature (≈22 °C). The 
average temperature during actuation was 46 ± 5 °C, 
which overlaps the actuation temperature under conven-
tional heating (54 ± 2 °C). However, response times for 
photothermal heating (Figure  8 b, partially fi lled trian-
gles) were much longer, an average of 26 ± 6 s compared 
with 5.6 ± 1.5 s when heated conventionally. Further-
more, the response time had no observable dependence 
on intensity in contrast with the PEO blend case, indi-
cating that similar actuation times cannot be achieved 
under photothermal heating even at higher intensity. 
One plausible explanation for this result is that the SMP 
begins to respond at any location where the tempera-
ture is >≈50 °C even if the remainder of the sample is 
quite cold; these cold regions hinder the rate of actuation. 
Photothermally heated 50:50 SMP:PVA samples actuated 
as well as under conventional conditions with an average 
fi nal angle of 158 ± 6° (compared with 170 ± 7° for con-
ventional heating). 

 Comparing the two blend types, the PEO blends 
achieved performance with photothermal heating, which 
matched that under conventional heating at 70 °C. Thus, 
blending with such a soft phase is a generic approach that 
can be utilized to facilely incorporate nanoparticles into 
SMP for light-induced actuation. Effi cient actuation under 
photothermal heating occurs because the PEO phase has 
two roles: acting as a source of heat and also representing 
a soft/switching phase that prevents actuation until the 
sample had warmed signifi cantly. This delay enables 
heat to transfer throughout the sample from the heat 
source within the carrier PEO to the SMP, which results 
in warmer SMP regions, when the PEO fi nally melts and 
actuation can occur. Consequently, the relatively inef-
fi cient, piecemeal actuation (start of actuation when a 
large fraction of the sample is still cold) that occurs in the 
PVA blends is prevented. However, this argument sug-
gests that a more intimate mixing of SMP and PVA might 
lead to improved performance, enabling a more homo-
genous temperature in the sample interior. Such results 
are discussed in Section 2.8.   

  2.8.     Effect of Phase Segregation Changes 

 In order to further explore the effect of phase segrega-
tion, blends with a smaller characteristic phase size 
were fabricated (Figure  2 e–h) and subjected to testing 
under photothermal heating. In these “twice-mixed” 
blends, the characteristic phase size is ≈0.1 mm and 
there is some evidence of AuNP migration into SMP 
regions or formation of an interphase of carrier and 
SMP (see Section 2.2). Twice-mixed SMP:PEO blends 
showed the same average temperature versus time 
curves under photothermal heating as standard ana-
logs. In addition, the temperatures at the beginning 
(40 ± 5 °C) and during actuation (67 ± 7 °C), the range 
of response times, and the fastest response time (22 ± 
10 s) match well with the results from samples with 
larger phases (see Section 2.7.1 and Figure  8 a). For 
SMP:PEO samples of all types, the final angle increased 
with laser intensity. Comparing the highest intensity 
conditions, twice-blended samples (with either wt% 
of AuNPs) showed the same average final angle 172 ± 
30° as the best responding standard SMP:PEO samples. 
These results indicate that the SMP:PEO samples are 
insensitive to phase size below 0.5 mm; performance 
is neither significantly degraded nor improved by 
enhanced blending. 

 In contrast, signifi cant improvements were seen for 
SMP:PVA twice-mixed samples. Figure  8 b summarizes 
response time as a function of sample fabrication and 
heating modality for 50:50 SMP:PVA samples. In contrast 
with standard fabricated samples, where the response 
time is dramatically longer when heating photother-
mally (comparing fi lled and partially fi lled triangle sym-
bols), twice-mixed samples showed the same response 
time under either modality (closed and open star sym-
bols) with times fully consistent with the response time 
of neat SMP (open circles). This result indicates that with 
suffi cient mixing (small enough phase size), blended 
samples are able to perform as well as pure SMP samples. 
In fact, a direct comparison of photothermally heated 
50:50 SMP:PVA samples with conventionally heated pure 
SMP samples (Figure  9 ) shows that response is almost 
identical. The optical images of twice-mixed samples 
(Figure  2 g,h) are consistent with relatively isolated PVA 
regions embedded within contiguous SMP (rather than 
the explicitly co-contiguous PEO and SMP domains in 
the twice-mixed SMP:PEO samples, Figure  2 e,f), which 
may provide heat to the SMP without altering its innate 
response. Thus, suffi cient blending of the PVA and SMP 
enables photothermal heating with no loss in SMP perfor-
mance. Twice-mixed SMP:PVA samples actuated equally 
well under all intensities with an average fi nal angle of 
163 ± 10°.    
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  3.     Conclusion 

 Blending SMP with a carrier polymer compatible with 
and containing a desired nanoparticle is a useful 
approach to enable wavelength-specifi c light-to-heat 
triggering for existing shape-memory materials, par-
ticularly for specialty applications where accidental 
triggering must be avoided and/or the surrounding envi-
ronment is heat sensitive. This scheme is very general 
(e.g., applicable to magnetic induction heating as well as 
nanoparticle incorporation for non-heating applications 
such as tuning of optical or electrical [ 24 ]  properties) and 
the associated polymer physics can be well understood. 
Particles can be contained within polymer that will act 
as either “soft”, “hard”, or inert phases with respect to the 
SMP actuation, with differing advantages and challenges 
in each case. 

 In general, actuation response times are determined 
by the particular heterogeneous temperature distribu-
tion within the samples – which is present under both 
conventional and photothermal heating approaches. 
Knowledge, measurement, or estimation of the tempera-
ture heterogeneity within a sample is necessary to fully 
understand any photothermal approach where local-
ized heating is important, and is also useful in assessing 
response under conventional heating. Blending PVA with 
SMP (at 50:50) resulted in photothermal actuation perfor-
mance that matched neat SMP with the same transition 
temperature and response times as when the heat was 
applied conventionally, provided that the phase size was 
suffi ciently small.  

  4.     Experimental Section 

  4.1.     Materials 

 Tecofl ex EG 72D [ 25 ]  (polyurethane shape-memory polymer, SMP) 
was provided in pellet form by Lubrizol. Previous work has 
determined the glass transition temperature of the soft seg-
ment, which should serve as the transition temperature  T  trans  = 
74 °C. [ 19 ]  Citrate-stabilized, spherical gold nanoparticles (AuNPs) 
were synthesized in-house using the Frens’ method, [ 26 ]  resulting 
in a water-based suspension. The AuNP particle diameter (deter-
mined from transmission electron microscopy images of ≈50 
neat particles) was 32 ± 8 nm (standard deviation). Poly ethylene 
oxide (PEO) (Sigma–Aldrich, 400 kDa) and poly vinyl alcohol 
(PVA) (Sigma–Aldrich, 126 kDa, 98% hydrolyzed) were used as 
water-soluble carrier materials into which the AuNPs were incor-
porated with the resultant composite blended with SMP. The 
literature value for the  T  g  for PVA of ≈85 °C was confi rmed via dif-
ferential scanning calorimetry measurements on neat PVA fi lm 
samples (data not shown). Perylene (Sigma–Aldrich) was utilized 
to monitor sample internal temperature, as discussed below. All 
materials were used as received from the manufacturer.  

  4.2.     Sample Fabrication 

 SMP-only and SMP:PEO (PVA) composite samples were fabri-
cated by placing ca. 4 g of powdered polymer on a preheated 
melt press (Fred S Carver Inc 2103–2) at 150 °C (210 °C), melting 
for 1–5 min (45–60 s), and applying 0.3–4.8 MPa for 15–45 s to 
result in thin fi lm ≈5 cm radius discs having a controllable thick-
ness. AuNPs:carrier polymer (either 0.1 or 0.2 wt%) samples of PEO 
(PVA) were fabricated by dissolving the polymer in the AuNP solu-
tion, stirring at 25 °C for 2–3 d (70 °C for 60 min), and solution-
casting onto Parafi lm (Pechiney Plastic Packaging) to form a fi lm, 
which was removed from the paraffi n and cut with scissors into 
approximately 0.3 cm × 0.3 cm squares suitable for cryogrinding. 
For blends, SMP and PEO (PVA) were individually ground in a 
liquid-nitrogen cooled cryogrinder (Spex CertiPrep 6750 Freezer/
Mill Grinder; 5 min (3 min) precool, fi ve cycles of 2 min (1 min) 
grinding with 1 min (2 min) cool between cycles) and mechani-
cally mixed by hand for 2 min immediately prior to melt-pressing. 
Perylene (powder) was added (in the cryogrinder) at a loading 
that resulted in 0.2 wt% perylene:total mass in each fi nal sample. 
Twice-mixed samples were fabricated by cutting the postmelt-
pressed fi lms into 0.3 cm × 0.3 cm squares, grinding again using 
the Spex CertiPrep and re-pressing, using previous settings. 
SMP:PEO (SMP:PVA) samples were prepared at 100:0, 87.5:12.5, 
75:25, 62.5:37.5, 50:50, 37.5:62.5, 25:75, and 10:90 (75:25, 66.7:33.3, 
50:50, and 10:90). For most experiments, 50:50 SMP:carrier blends 
with 0.2 wt% (AuNPs:carrier polymer) were utilized with sample 
thickness of 0.35 ± 0.05 mm (SMP and SMP:PEO) or 0.3 ± 0.05 mm 
(SMP:PVA). To determine the effect of thickness, pure SMP and 
50:50 SMP:PEO samples of 0.1 to 0.5 mm thick were utilized.  

  4.3.     Sample Characterization and Shape-Memory Response 

 Extinction spectra in the UV to visible wavelength range were 
measured (Varian Cary 50 Scan UV/Vis Spectrophotometer; (scan 
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 Figure 9.    Direct comparison of response on 50:50 SMP:PVA twice-
mixed sample (star symbols, intensities given in image for each 
curve) actuated via photothermal heating and neat SMP heated 
conventionally (oven temperatures given in image for each 
curve). The response is almost identical.
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range: 200–800 nm, integration time: 0.125 s)) for 0.1 mm thick 
samples pressed at 4.8 MPa, which confi rmed dispersion of per-
ylene and the AuNPs, and the absence of specifi c absorption 
processes due to the various polymers. Phase-segregation within 
blended materials was characterized by optical microscopy 
(Nikon Eclipse 50iPOL). Image-J was utilized to quantify phase 
segregation: a color threshold was set to mark the pixels asso-
ciated with the non-SMP regions (which were reddish in color 
when AuNPs were present) and the number of marked pixels 
was counted to determine the ratio of SMP:polymer. Table  1  sum-
marizes measured areal fraction compared with expected areal 
fraction for all sample types.  

  4.4.     Shape-Memory Actuation 

 Samples of 10 mm × 15 mm were cut from the larger fi lms with 
scissors. The sample thickness was measured and determined to 
be uniform with a micrometer. Samples were heated to tempera-
tures in the range of 70–91 °C in a conventional oven, set to their 
temporary shape (folded in half along the long direction), and 
held while immediately cooled in ambient conditions. The oven 
temperature was verifi ed using a calibrated Fisher Scientifi c 
Traceable Mini-Thermometer ISO 17025. For recovery studies, 
samples were slightly opened to place a support clip on one side 
of the folded sample and suspended in air (see Figure  3 ). The fold 
was oriented vertically to minimize gravity effects. Upon heating 
in a conventional oven (“conventional” heating) or at ambient 
via the photothermal effect under resonant laser irradiation 
(“photothermal” heating), angle versus time was determined 
from recorded video observations (Panasonic HDC-TM80) of the 
fi rst set/recovery cycle. Final open angle (180° for full recovery), 
quiescent time (the initial time delay after heat is applied before 
any movement occurs), and characteristic response time (one-
half of the time increment between the start and end of motion) 
were measured using an open-source video-analysis program 
(Tracker). 

 Conventional heating trials took place at oven temperatures of 
70, 77, 84, or 91 °C. Room temperature samples were placed in 
center of a preheated oven at  t  = 0 s. The bulk sample tempera-
ture as a function of time was measured in control experiments 
with non-responsive (i.e., not set) composite fi lms in the identical 
environment via a butt-welded, type T thermocouple (I-Omega) 
rigidly attached to, and partly inserted into, the folded-over 
sample. For comparable conditions, the thermocouple results 
match the average sample temperature determined from per-
ylene probes as discussed below. Reported results are an average 
from the response of 5–8 specimens per experimental condition. 

 Photothermal heating utilized a spectrally isolated single line 
(514 nm) of an argon-ion laser (Coherent, Sabre Innova SBRC-R-
ML-14) expanded to a 1.3-cm-diameter spot size that uniformly 
irradiated the entire sample. Intensity was measured at the 
sample location (Coherent PowerMax PM10-USB sensor power 
meter). Internal average temperature was measured as described 
below. Light intensities were 0.23, 0.30, 0.38, and 0.43 W cm −2 , 
which resulted in average fi nal steady-state temperatures of 66 
± 2, 80 ± 2, 83 ± 2, and 90 ± 3 °C for the 0.1 wt% AuNPs in 50:50 
SMP:PEO samples, 71 ± 2, 75 ± 3, 83 ± 2, and 99 ± 2 °C for the 
0.2 wt% AuNPs in 50:50 SMP:PEO samples, and 72 ± 3, 81 ± 4, 

89 ± 5, and 98 ± 4 °C for the 0.2 wt% AuNPs in 50:50 SMP:PVA 
samples, respectively. Reported results are an average from the 
response of 12–15 separate specimens measured at three highest 
intensities. In all cases, the average temperature was greater 
than the melting temperature of PEO ( T  m  = 66 °C); as previously 
discussed, [ 5 ]  for these conditions, the fi nal steady-state tem-
perature under photothermal heating is only a weak function 
of laser intensity and particle concentration. 0.2 wt% AuNPs 
samples exhibited a more rapid increase in temperature than 
corresponding 0.1 wt% AuNPs samples up to the PEO melting 
transition. Samples without AuNPs were separately tested at the 
same laser intensities; no shape-memory response was observed 
and the sample temperature was less than 28 °C.  

  4.5.     Fluorescence Temperature Measurement 

 As previously discussed, [ 5,12,13 ]  photothermal heating from 
embedded metal nanoparticles in polymeric systems gener-
ates a heterogeneous spatial temperature distribution, with the 
warmest temperature in the region near the particle. In order to 
determine the average sample temperature, a molecular ther-
mometer was utilized. The fl uorescent molecule perylene has 
distinct emission peaks in the spectral range of 435 to 550 nm, 
with the relative intensity of the different emission pathways 
dependent on temperature (Figure  10 ). In particular, the ampli-
tude ratio of the peak at ≈480 nm and the adjacent trough 
(≈465 nm) is essentially linear in temperature over the pertinent 
temperature range (25–95 °C). [ 5,27 ]   

 Figure  11  shows a calibration curve for 50:50 SMP:PEO sample. 
This temperature-monitoring technique has been extensively 
cross-checked against more traditional approaches and serves 
as the best non-contact approach to monitor temperature in this 
scenario without interfering with the photothermal process or 
affecting the SMP response. Under comparable conditions, results 

 Figure 10.    Normalized perylene fl uorescence spectra from com-
posite samples at different temperatures under conventional 
heating. The ratio of the measured amplitude of the 476 nm peak 
to that of the trough between the adjacent peaks (indicated by 
vertical lines) provides a quantitative measurement of the bulk 
temperature.
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from the perylene technique matched those from a traditional 
thermocouple. Extinction spectroscopy of samples confi rmed 
dilute molecular absorbance. A fl y-wheel chopped (2 kHz), 5 mW, 
405 nm blue diode laser with a 5-mm spot size was utilized to 
excite the perylene. The resulting fl uorescence passed through 
a double-grating scanning monochromator (SPEX 1680B), to a 
side-on photomultiplier tube detector (Hamamatsu 931B, 800 V) 
and was photon-counted. Additional experimental details have 
appeared previously. [ 5 ]   

 Calibration curves were determined by heating using a conven-
tional source. The ratio versus temperature could be well fi t by a 
straight line over the temperature range 20–120 °C. Generally, the 
fl uorescence ratio at a given temperature refl ects the non-radiative 
loss to the polymer (depending for instance, whether the temper-
ature is above or below  T  g ), with higher ratios indicating greater 
losses (i.e., more available active motional modes in the polymer).  
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 Figure 11.    Calibration curve of fl uorescence ratio versus tempera-
ture (for a conventionally heated, equilibrium temperature, 50:50 
SMP:PEO sample in steady-state). The line is a linear fi t to the 
data. Error is determined from measurements of 3–5 samples 
under identical conditions.




