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Abstract
A simple way to enhance the activation of shape memory effects with light in a Ni–Ti alloy is
demonstrated. Using polydimethylsiloxane-carbon nanopowder (PDMS+CNP) composites as
coatings, the one-way shape memory effect (OWSME) of the alloy can be triggered using low
power IR light from a laser diode. The PDMS+CNP coatings serve as photothermal materials
capable to absorb light, and subsequently generate and dissipate heat in a highly efficient
manner, thereby reducing the optical powers required for triggering the OWSME in the Ni–Ti
alloy. Experimental results with a cantilever flexural test using both, bare Ni–Ti and coated
samples, show that the PDMS+CNP coatings perform as thermal boosters, and therefore the
temperatures required for phase transformation in the alloy can be readily obtained with low
laser powers. It is also shown that the two-way shape memory effect (TWSME) can be set in the
Ni–Ti alloy through cycling the TWSME by simply modulating the laser diode signal. This
provides a simple means for training the material, yielding a light driven actuator capable to
provide forces in the mN range. Hence, the use of photothermal coatings on Ni–Ti shape
memory alloys may offer new possibilities for developing light-controlled smart actuators.

Supplementary material for this article is available online

Keywords: shape memory alloys, photothermal effects, polymer coatings, laser heating, fiber
optics

(Some figures may appear in colour only in the online journal)

1. Introduction

The continuous evolution of materials science and engineer-
ing relies on developing novel materials with new and
improved attributes. As an example, the nickel–titanium
(Ni–Ti) shape memory alloy (SMA) belongs to a class of
complex materials showing interesting thermomechanical
effects. These include the one-way shape memory effect
(OWSME), the super-elastic effect, and the well-known two-
way shape memory effect (TWSME) [1, 2]. Although these
effects have been extensively studied, there are still persistent
efforts to improve the extraordinary properties of these
materials; moreover, special interest has been focused on the
shape memory triggering mechanisms. Conventional ways to

obtain the shape memory effect (SME) include temperature
changes, stress, exposure to magnetic fields, or a combination
of these [3, 4]. In metallic alloys, the SME is more commonly
reached by temperature or stress [5], although new alter-
natives such as laser irradiation have been explored as well.
This interesting option for triggering thermomechanical
effects in Ni–Ti SMA is based on heating through laser
irradiation [6, 7], thus offering the possibility of remotely
modifying the shape of Ni–Ti elements and allowing for the
development of light activated actuators [8–10].

Laser triggering of thermomechanical effects in SMA is
based on optical absorption, heat generation and dissipation
within the alloy. In order to initiate the desired SMEs, the
appropriate temperatures for phase transformation must be
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reached in a controlled fashion. The optical absorption fea-
tures of the material and subsequent heat generation required
for these purposes can be improved upon using adequate
optical coatings on the Ni–Ti SMA. Hence, the optical and
thermal properties of the coatings are very important to obtain
adequate light absorption to increase the temperature in the
alloy. Multilayer optical filters deposited directly on the SMA
surface have shown to be useful for selective activation of
SMA alloys [6, 7]. Albeit providing wavelength selective
activation of SMA elements, this approach requires elabo-
rated fabrication procedures for depositing alternate layers of
different composite materials. Moreover, some additional
optical elements such as micro-lenses are needed in order to
focus the light and reach the appropriate phase transformation
temperatures. Some shape memory polymers can also be
activated by light irradiation [11], and their performance can
be readily enhanced using carbon-based fillers [12]. However,
the actuation force produced with these materials is limited
due to their own nature.

In this work, a novel and simple way to trigger SMEs
with light was explored. The basic idea behind this approach
is to improve laser light absorption and subsequent heat
release on Ni–Ti samples. This is achieved upon coating the
SMA with a polymer-based photothermal membrane, capable
to generate highly localized heat via infrared (IR) light
absorption [13–16]. The composite membranes are fabricated
using carbon nanopowder (CNP) hosted by a poly-
dimethylsiloxane (PDMS) matrix thus yielding a highly
efficient photothermal material [16]. Owing to their ease of
processing and flexibility, these photothermal composites can
be simply incorporated onto Ni–Ti SMA with different
shapes. The effects of these composites on the mechanical
actuation exhibited by Ni–Ti sheets when irradiated with an
IR laser diode were explored. Experimental results show that
the photothermal coatings allow for reaching the critical phase
transformation temperatures of the smart composite using low
power laser irradiation, thus offering a new and versatile
means to activate SMEs with minimum contact.

2. Experimental details

2.1. Sample preparation

A commercially available equiatomic Ni–Ti alloy, presenting
a mixture of austenitic and martensitic phases at room
temperature, was used as received. The critical temperatures
for phase transformation (M 3.2s = °C, M 6.2f = - °C,
A 38s = C and A 43f = C ) were determined by differential
scanning calorimetric (DSC) measurements, using a DSC
Q100 equipment from TA Instruments at a temperature rate of
10 Cmin−1 during the heating and cooling cycles. Coatings
with photothermal features were obtained upon mixing the
CNP with the PDMS following the procedures reported
elsewhere [16]. The photothermal properties of these poly-
mer-carbon (PDMS+CNP) composites depend on the dis-
persion and cluster formation of CNP within the polymer
matrix. Two types of coatings were used: one favouring heat

generation (labeled as composite C1), and another one
favouring heat conduction (labeled as composite C2). Such
capabilities depend on cluster formation within the composite,
and this can be adjusted during the fabrication process (see
[16] for details). Both composites were fabricated using a
concentration of 0.1% in weight of CNP (particle size
<100 nm, Sigma Aldrich 633100) compared to the total
amount of PDMS (Dow Corning, Sylgard 184). The PDMS
+CNP mixtures were poured into a glass mold and cured at
80 °C during 2 h. This procedure yields membranes with a
thickness of 420 μm, which were subsequently cut in square
samples of 2 mm.

The heating performance of the coatings was evaluated
using a Fluke Ti300 IR thermal camera, setting the emissivity
coefficient β = 0.74, as commonly done for Ni−Ti surfaces
[17]. Thermal images were acquired from the surface of the
SMA sample under different laser irradiation conditions. This
allowed us to register the increase in temperature at the sur-
face of the Ni–Ti alloy as a function of the optical intensity
(I P

w
0

0
2=

p
, w0 = laser spot radius) impinging on the opposite

surface of the samples. The laser source used to irradiate the
membranes was an IR fiber coupled laser diode (λ = 975
nm), and the range of optical power (P0) used for our
experiments was from 8 to 270 mW. In order to evaluate the
influence of the PDMS+CNP on the activation of the SME,
the polymer coatings were placed on the surface of a Ni–Ti
narrow beam using a thin layer of thermal paste to provide
adequate thermal contact even during the change of shape of
the alloy. The laser triggering capabilities of three different
samples (Ni−Ti, CNi Ti 1+– and CNi Ti 2+– ) were then
evaluated as described in the following section.

2.2. Laser triggering of mechanical actuation

A cantilever beam arrangement was used to evaluate the
mechanical actuation of the samples triggered by IR irradia-
tion. The relevant measurements were based on the super-
elastic effect of the SMA [18]. Narrow beams with dimension
of 13× 1.6× 0.1 mm (length, width and thickness, respec-
tively) were cut from the Ni–Ti sheet. Each sample was
mechanically tested using a custom-designed device to reg-
ister the relevant parameters involved in the bending test (see
figure 1(a)). These were registered using a virtual instrument
(VI) programmed in LabVIEW, capable to simultaneously
acquire data such as time, displacement, force and images
during the experiments. While the beam deflection was con-
trolled through the VI, the displacement and applied force (F)
at the free end of the beam were measured by a LVDT (Lucas
Schaevitz MHR-1000) and a precision miniature load cell
(Honeywell, model 34), respectively. The cantilever beam
was displaced 8 mm in steps of 0.5 mm; as a result, the nor-
mal stress (σ)—close to the grip region—increased gradually
until reaching the critical stress value ( cs ) required to induce
the martensitic phase. As depicted in figure 1(b), this
approach allows to obtain well-defined martensitic regions
where cs s . The stress versus strain curves for the samples
were obtained using the acquired data and beam theory [19].
The critical stress value for transformation ( cs ), accountable
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for the significant changes in the slopes of the stress versus
strain superelastic loops, were determined as well.

Bending measurements were conducted with the bare
(Ni–Ti) and coated ( CNi Ti 1+– , CNi Ti 2+– ) beams under
similar condition of laser irradiation. The temperature reached
for each case varied depending on the photothermal features
of coatings C1 and C2. Because of the improved optical
absorption of the coatings, the temperature in the vicinity of
the irradiated area increases until reaching values above
A 43 Cf =  . With our setup, the spot size of the laser beam

can be adjusted upon moving the optical fiber located above
the fixed end of the Ni–Ti beams. For all experiments, the
fiber end face was placed at a fixed distance of 3 mm above
the Ni–Ti beam, yielding a spot area of approximately 0.6
mm2 (w0 = 434 μm). In addition, the bending test was con-
tinuously recorded with a digital microscope (DinoLite) and
the IR thermal camera (see figure 2(a)) which was also used
for temperature monitoring on the surface of all the samples,
as seen in figures 2(a) and (b).

3. Results

3.1. Heating performance of the coatings

The results shown in figure 3 confirm that for all the samples,
an increase in temperature is achieved through IR laser irra-
diation. As seen in the figure, the registered increase in
temperature TD in all cases is linearly proportional to the

Figure 1. Experimental setup used to evaluate the mechanical
response of Ni–Ti SMA activated by IR irradiation. (a) Mechanical
tester: IR thermal camera (IRC), optical digital microscope (DM),
load cell (LC), displacement sensor (LVDT), optical fiber (OF); (b)
detail of cantilever beam of Ni–Ti alloy coated with PDMS+CNP
under bending.

Figure 2. IR thermal camera images showing the registered increase
in temperature TD ( C ); (a) Ni–Ti beam without laser irradiation, (b)
Ni–Ti beam irradiated with an optical intensity of 453 mW mm 2- .

Figure 3. Maximum temperature increase ( TD ) measured in the
Ni−Ti samples with the IR camera as a function of optical intensity.
The slopes of the linear fittings (solid lines) for the experimental data
points are 0.08 C mW mm1 2 - - for the bare sample (Ni–Ti), while
the coated samples yield values of 0.14 C mW mm1 2 - - (for

CNi Ti 1+– ) and 0.1 C mW mm1 2 - - (for CNi Ti 2+– ).

3
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optical intensity. In agreement with previous reports [16],
these results further show that coatings C1 and C2 present
different heat generation capabilities, as observed from the

TD versus optical intensity curves shown on figure 3. The
slope of each curve represents the photothermal performance
of the coating: while the coating with higher slope (C1) shows
improved heating capabilities, the other coating (C2) provides
better heat dissipation features [16]. The photothermal
response of the coatings were as follows: C1 yielded a slope
of 0.14 C mW mm1 2 - - , yielding a maximum TD (56.7 C )
for the maximum optical power available from the laser diode
(270 mW); C2 showed a 0.1 C mW mm1 2 - - slope and a

TD = 50.6 °C. Meanwhile, the bare Ni–Ti alloy yielded a
slope of 0.08 °CmW−1 mm−2 and a maximum increase in
temperature TD = 35.4 C . According to these results, and
considering the slope T

I

d

d

D of the bare Ni–Ti as a reference, an
enhancement in heating performance of 60% and 43% was
obtained for C1 and C2, respectively. Note that these
enhancements are more evident for optical intensities above
300 mWmm−2. This result becomes important for achieving
the temperature required to induce the martensitic to auste-
nitic phase transformation in the SMA, because a lower
optical intensity will be needed to trigger the SME when
using the photothermal coatings.

3.2. Thermomechanical response

The thermomechanical response of the samples was evaluated
performing a cantilever beam bending test, as shown in
figure 4. As required by beam theory [19], the geometry of the
beam (length, width and thickness), the applied force and the
displacement at the end of the cantilever beam were used
to calculate the normal stress and its associated strain during
the test. The resulting stress versus strain (σ versus ε) curves
for each sample are shown in figure 5; these were obtained
under similar laser irradiation conditions, yielding different

temperatures owing to the different photothermal perfor-
mances of the bare and coated beam samples. For the bare
Ni−Ti beam, the expected superelastic loop during the
loading and unloading processes was observed (figure 5(a)).
At room temperature (25.6 C), the mechanical behavior of
the Ni–Ti sample involves a mixture of austenite and mar-
tensite phases resulting in a critical stress cs = 120 MPa.
When irradiated with the laser at optical intensities of 94.7
and 453 mW mm 2- , the temperature registered at the fixed
end of the beam increased up to 39.8 and 61 C, and the
flexural test yielded values of cs = 193.5 and cs = 194 MPa,
respectively. As expected, an increase in temperature modifies
the mechanical response of bare Ni−Ti sample [2]; notice that
for temperatures above A 43 Cf =  , the sample will present
only the austenite phase within the laser heated region. Hence,
for a fixed value of temperature above Af, stress induced
martensitic transformation can be obtained if cs s> .

Figures 5(b) and (c) show the mechanical responses
obtained from the CNi Ti 1+– and CNi Ti 2+– samples. The
room temperature registered during the test with the

CNi Ti 1+– was 28.8 °C, and under laser irradiation the
temperature was measured to reach values of 49.0 and 85.5
C for optical intensities of 194.7 and 453 mW mm 2- ,
respectively. The resulting critical stresses ( cs ) for each case
were correspondingly 137.6, 208.3 and 225.8 MPa. Mean-
while, for the CNi Ti 2+– the room temperature was 28.7 °C
and the temperatures reached under laser irradiation were 49.5
and 79.2 °C, yielding values for cs of 126.2, 211.8 and 217.8
MPa, respectively. Note that these temperatures were attained
with the same optical intensities as those used for the previous
sample. Hence, under the same irradiation conditions, the
temperature reached at the fixed end of the beam will vary
depending to the photothermal features of the coating.

Considering the heating performance and the thermo-
mechanical response, the coating labeled as C1 exhibited the
best photothermal features to trigger the SME in a controlled

Figure 4. Bending test on the Ni–Ti cantilever beam: (a) starting position (laser off) for the loading process; (b) image acquired with different
contrast settings to show the laser spot on the coating; (c) during the test, the laser is turned on to heat the sample as the actuator starts to
apply force on the free end of the beam; (d) final stage of the loading process showing a displacement of 8 mm; the unloading process is
carried out following the opposite sequence until the beam reaches the initial position.
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fashion. Enhanced heating of the Ni−Ti samples is thus
readily obtained through the improved optical absorption and
heat release of the photothermal coatings. Figure 5(d) shows
the values for the critical stress obtained for each sample for
the temperatures reached at different optical intensities. From
these results, it is evident that the photothermal coatings
improve the triggering of the mechanical actuation mech-
anism for the Ni−Ti SMA. Table 1 shows the maximum
increase in temperature obtained for the three cases analyzed

in our experiments. For comparison, the critical stresses
obtained for each case are also included. Notice that an
increase in the critical stress value is effectively obtained with
the coated samples when compared to the cs registered for the
bare Ni−Ti SMA.

Finally, the feasibility of setting the TWSME in the Ni–
Ti sample using laser irradiation for the training process was
explored. This was done at the final stage of the loading
process, sustaining the bending condition (see figure 4(d)) and
exposing the SMA to temperature cycles upon modulating the
laser. According to the critical temperatures for phase trans-
formation obtained for the alloy, and for typical room temp-
erature conditions (approximately 20 C ), the TD required for
this purpose is only within 20 C . Such an increase in
temperature can be easily achieved through the photothermal
effects obtained in our previous experiments. Hence, the laser
diode was modulated with a square signal at a frequency of 10
mHz, reaching a maximum optical intensity of 453
mW mm ;2- this irradiation conditions thus yielded temper-
ature changes from room temperature to 61 C . The force

Figure 5. Thermomechanical response of the bare and coated Ni−Ti samples tested at different IR optical intensities. (a) Bare sample,
(b) CNi Ti 1+– sample, (c) CNi Ti 2+– . The critical stresses shown in (d) indicate that the best performance for the maximum optical
intensity is obtained using the coating labeled as C1.

Table 1. Maximum increase in temperature and corresponding
critical stress transformation values for the different Ni−Ti
samples. All data were obtained for the same optical intensity
(I = 453 mWmm−2).

Sample TmaxD (C) cs (MPa) Increase in cs (%)

Ni–Ti 35.4 194 −
Ni–Ti+C1 56.7 225.8 16
Ni–Ti+C2 50.6 217.7 12
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registered by the load cell as a function of time during the
cycling process is presented in figure 6(a). Under these
training conditions, the TWSME was set in the alloy after 250
cycles. The mechanical response as a function of optical
intensity resulting from triggering the TWSME in each
sample is shown in figure 6(b). As observed from the slopes
obtained from these experiments, a lower force generation
was obtained for the bare Ni–Ti alloy compared to the coated
samples. While the slope for the Ni–Ti alloy was 0.125
mNmW−1, the coated samples presented very similar slopes
of approximately 0.2 mNmW−1. The maximum force was
attained with the sample coated with C1, reaching 32 mN for
an optical power of 153 mW, which represents an enhance-
ment of 167% with respect to the bare sample.

4. Conclusions

Highly efficient photothermal coatings on a Ni–Ti alloy have
been used to demonstrated a simple means to enhance the
activation of the OWSME. The enhanced photothermal fea-
tures of these coatings allow for triggering the SME with

lower IR laser powers compared to those required for bare
Ni–Ti samples. We further demonstrated a novel approach to
set the TWSME based on cycling the OWSME upon irra-
diating the alloy with a modulated optical signal. Using this
technique, we were able to train the material yielding a light-
driven actuator capable to provide a force of approximately
32 mN. Both, the incorporation of the polymer coatings on
the alloy, and the optical devices required for this purpose are
simple, and thus open new possibilities for developing light-
controlled smart actuators or sensors with remote activation
capabilities.
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Figure 6. Setting the double shape memory effect (TWSME) on the Ni−Ti sample. (a) Thermomechanical cycling of the sample: force
registered by the load cell when the laser diode was modulated at a frequency of 10 mHz; (b) force generated by the bare and coated Ni–Ti
samples, after the training process, as a function of the optical intensity; (c) shapes adopted by the beam after training when the laser is turned
on and off (see video for details).
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