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Abstract
This paper reports large light-induced reversible and elastic responses of graphene nanoplatelet
(GNP) polymer composites. Homogeneous mixtures of GNP/polydimethylsiloxane (PDMS)
composites (0.1–5 wt%) were prepared and their infrared (IR) mechanical responses studied
with increasing pre-strains. Using IR illumination, a photomechanically induced change in
stress of four orders of magnitude as compared to pristine PDMS polymer was measured. The
actuation responses of the graphene polymer composites depended on the applied pre-strains.
At low levels of pre-strain (3–9%) the actuators showed reversible expansion while at high
levels (15–40%) the actuators exhibited reversible contraction. The GNP/PDMS composites
exhibited higher actuation stresses compared to other forms of nanostructured carbon/PDMS
composites, including carbon nanotubes (CNTs), for the same fabrication method. An
extraordinary optical-to-mechanical energy conversion factor (ηM) of 7–9 MPa W−1 for
GNP-based polymer composite actuators is reported.

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

1. Introduction

Both in natural and synthetic systems, actuator materials
change their shape or dimensions upon external stimulus.
The best-known materials for actuation are piezoelectrics [1],
ferro-electrics [2], shape memory alloys [3], electrostrictive
materials [4], liquid crystal elastomers [5], and conducting
polymers [6]. Recent additions include carbon nanotubes
(CNTs) [7] and porous metallic nanoparticles [8] as
they exhibit large stresses and strains from low voltage
electromechanical actuation. Similarly, both single and
multi-wall CNT (MWCNT) composites have been reported
to undergo photomechanical actuation [9, 10]. Compared
to electrically/thermally/ionically/phase transition driven
actuators, light driven actuators have several advantages
including wireless actuation, electromechanical decoupling
(and therefore low noise), elimination of electrical circuits
at the point of use, and massive parallel actuation of
device arrays from a single light source. Photomechanical

actuators already show possible applications encompassing
photonic switches [11], robotics [12], plastic motors [13],
and adaptive micro-mirrors [14]. Recent CNT polymer
systems studies have yielded interesting insights into the
nature of photomechanical actuation in these one-dimensional
(1D) nanostructures [9, 10, 15–18], resulting in renewed
excitement in photoactive materials and their applications as
micro/nano-optomechanical systems [14, 19, 20].

Since graphene’s 2004 discovery [21], its incredible
physical properties have been well documented, including
thermal conductivity [22], mechanical strength [23], and
quantum Hall effect at room temperature [24]. While
numerous articles report on graphene-based composites, most
of these actually used graphene-like sheets derived from
graphite oxide (GO) or graphite intercalation compounds
(GICs). GO and GIC derived fillers in polymer matrices
can exhibit high electrical conductivities [25], high Young’s
moduli [26], and easily be functionalized to tailor to
host polymer properties [27]. While GO and GIC derived
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Figure 1. GNP/PDMS photomechanical actuator characterization and testing: (a) SEM image of GNPs; (b) Raman spectroscopy shift of
PDMS, GNP/PDMS and CNT/PDMS; and (c) layout of the test dynamometer.

filler materials report electrical conductivities better than
those reported for nano-clays [28], these are often lower
than the values reported for single-wall CNT fillers [29].
Secondly, graphene nanoplatelets (GNPs) and graphene
nanoribbons (GNRs) have properties that are dependent on
the number of layers, such as saturable absorption [30],
linear monochromatic optical contrasts [31], and electric field
assisted band gaps [32], which are not exhibited in GO and
GIC derived materials. These interesting properties call for
investigation of graphene-based composite photomechanical
actuators.

Our work introduces a simple polymer composite system
whose photomechanical responses to near-infrared (NIR)
light are realized solely by incorporation of a homogeneous
dispersion of GNPs within a polydimethylsiloxane (PDMS)
elastomer matrix. Similarly to CNT/PDMS composites, the
actuation responses of the GNP/PDMS composites depended
on the initial applied pre-strain: at low levels (3–9%),
the samples showed reversible expansion; at moderate
levels (∼10%), the samples yielded negligible effect; and
at high levels (15–40%), the samples exhibited reversible
contraction. For GNP/PDMS composites, these correspond
to photomechanical stress changes 2.4–3.6 times greater
than for any other carbon form tested. These stress changes
reported are usable and recoverable work done by the
actuators. An optical-to-mechanical energy conversion factor
(ηM) of 7–9 MPa W−1 obtained during testing showed an

extraordinary photomechanical effect larger than not only all
other carbon-based composites, but also any other material
that exhibits a photomechanical effect. These intriguing
results will allow for expansion of GNP-based micro- and
nano-optomechanical systems.

2. Results and discussion

Figure 1(a) shows a scanning electron microscope (SEM)
image of GNPs deposited on a silicon wafer. During close
examination, the GNPs were verified to be ≤3 layers, with
diameters in the range of 1–2 µm. Figure 1(b) shows
Raman spectroscopy comparison of plain PDMS polymer,
GNP/PDMS composites, and CNT/PDMS composites. The
Raman peaks of the PDMS are clearly visible in all three
curves of figure 1(b); the 1582 and 2700 cm−1 peaks
correspond to graphene. The radial breathing mode (RBM),
graphite (G), and CNT 2D bands (G′) are also clearly
seen. The SEM and Raman spectroscopy confirmed the high
purity of these systems. Figure 1(c) presents the experimental
setup schematic which shows vertical orientation of the
test nanocomposite sample within the testing dynamometer
assembly.

Figure 2(a) shows the typical photomechanical actuation
and relaxation kinetics during a 3% pre-strain test. For
each pre-strain (3–40%), the test composites underwent five
cycles of NIR illumination on for 60 s, followed by NIR
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Figure 2. Photomechanical responses and actuation kinetics of GNP/PDMS composites: (a) typical photomechanical stress response of the
GNP/PDMS actuator for 3% pre-strain; (b) and (c) actuation and relaxation of the GNP/PDMS actuator, respectively.

illumination off for 30 s. The magnitude of actuation was
highly repeatable for each test sample. Photomechanical
responses started at time t = 0 s and became saturated at
t = 5 s. Similarly, once the light was switched off, the
actuators underwent relaxation in t = 5 s. This is significantly
fast actuation compared to past reports on CNT/PDMS
actuators where the actuation achieved saturation at t =
10–15 s [15]. The dependences of the actuation and relaxation
responses as a function of time were also examined, with
the experimental data fitted to simple exponential functions
by incorporation of a fitting parameter (τ ). The experimental
actuation data was fitted with a simple exponential function
of 1 − exp[−(t/τ)], while the relaxation data was fitted
with exp[−(t/τ)]. Both the actuation and relaxation responses
followed Debye characteristics [15]. Figure 2(b) shows
the experimental actuation response and associated fitting
function when τ ≈ 1.7 s. Figure 2(c) shows the experimental
relaxation response and fitting function when τ ≈ 2 s.
When normalized to account for the magnitude of change
in stress, the actuation and relaxation responses for all the
GNP/PDMS test composites were nearly identical. The fast
actuation and relaxation of GNP/PDMS composites in both
expansive and contractive modes suggests a unique actuation
mechanism for GNP/PDMS actuators. Unlike CNT/PDMS
actuators which follow a compressed exponential function for
actuation [15], GNP/PDMS actuators were found to not only
follow a simple exponential function during both actuation
and relaxation, but also exhibit about a three times faster
response. Secondly, the actuation kinetics of the CNT/PDMS
actuators followed a compressed exponential function only
above the percolation threshold [15]. For values lower than
the percolation threshold, at ∼0.02 wt% concentration of

the nanotubes in the PDMS matrix, the actuation was far
slower with time constants of actuation greater than 20 s
for achieving saturation [15]. This shows the dependence
of the actuation kinetics on the number of interconnected
nanotubes in the matrix. In marked contrast and regardless
of the sample concentrations, GNP/PDMS actuators exhibit
fast actuation and relaxation and the quality of the fit
of the experimental data follows a simple actuation and
relaxation. This suggests that the energy transfer associated
with photon absorption leading to subsequent expansive or
contractive actuation and relaxation of the polymeric chains
is a fast event which is unique to graphene and therefore
a unique photomechanical mechanism. Such fast actuation
and relaxation cannot be explained by simple thermodynamic
considerations of steady-state heat flux from irradiated
GNPs causing saturation of the photomechanical response.
The identical response times for actuation and relaxation
also suggest constant viscosity and modulus, therefore
maintaining the original configuration of the polymer. Future
fast pump–probe experiments or AFM experiments with
functionalized graphene sheets with single chain polymers
can shed some light on the extraordinary energy transfer
needed to explain this fast actuation and relaxation.

In figure 3, starting with a plain PDMS elastomer
(figure 3(a)) and progressing from 0.1 to 5 wt% concentration
GNP/PDMS composites (figure 3(f)), each plot shows the
photomechanical response to 808 nm NIR illumination for
a single 60 s cycle. Since the optical loss of PDMS in the
NIR region is <0.5 dB cm−1 [33], the negligible response in
the plain PDMS sample (figure 3(a)) was expected. However,
by a concentration of 0.1 wt% GNPs (figure 3(b)), the
photomechanical effect becomes clearly observable through
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Figure 3. Comparison of increasing photomechanically induced stress change in GNP/PDMS composites as a result of NIR illumination
for increasing GNP concentrations: (a) plain PDMS; (b) 0.1 wt% GNPs; (c) 0.5 wt% GNPs; (d) 1 wt% GNPs; (e) 2 wt% GNPs; and
(f) 5 wt% GNPs.

telltale expansion and contraction of the actuator. All the
composites exhibited that low pre-strain values resulted in
film expansion and thus positive-induced stress, while high
pre-strain values resulted in compression and thus negative
change in stress. More concisely stated, weakly stretched
composites show reversible expansion while highly stretched
composites show reversible contraction [9].

From GNP concentrations of 0.1–2 wt% (figures
3(b)–(e)), the magnitude of photoinduced stress was observed
to increase, reaching almost four orders of magnitude greater
than for the pristine PDMS polymer. By a concentration
of 2 wt%, however, the photomechanical response of the
GNP/PDMS composites had become saturated. Comparison
with higher GNP concentration of 5 wt% (figure 3(f)) showed
only a marginal increase in magnitude of the stress. Therefore,
the photomechanical response of the 2 wt% GNP/PDMS

composite sample was used as the benchmark for comparison
throughout this paper. The change from expansion to
contraction in all samples is likely a result of orientational
effects, similar to those seen in CNT-based actuators [9].
As the applied pre-strains increase the overall test sample
length, the GNPs within the PDMS polymer become more
aligned/re-arranged with respect to one another. As a result,
the macroscopic magnitude of the photomechanical response
is amplified.

To compare the photomechanical responses of GNP/
PDMS composites with other forms of carbon/PDMS
composites, test samples were fabricated for GO/PDMS,
CNT/PDMS, and pyrolytic carbon black (CB)/PDMS
using identical fabrication methods. All the samples
underwent identical testing procedures to the GNP/PDMS
composites, Figures 4(a)–(d) present these results. All forms
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Figure 4. Comparison of photomechanically induced stress change in 2 wt% composites of various carbon forms: (a) graphite oxide;
(b) carbon nanotubes; (c) carbon black; and (d) graphene nanoplatelets.

of carbon displayed similar photomechanically induced
expansion/contraction stress responses to the GNPs, although
with varying magnitudes. Of these samples, GO/PDMS
(figure 4(a)) showed the smallest amount of actuation, from
+2 kPa (3% pre-strain) to −9 kPa (40% pre-strain). This
result also shows that studies of graphene composites derived
from GO materials are quite different from single, bi-layer,
or few-layer graphene. The magnitude of induced stress
change in CNT/PDMS (figure 4(b)) was slightly higher,
from +4 kPa (3% pre-strain) to −10 kPa (40% pre-strain).
Finally, CB/PDMS (figure 4(c)) exhibited a stress change
from +7 kPa (3% pre-strain) to −14 kPa (40% pre-strain).
The magnitude of the response of GNP/PDMS (figure 4(d))
to stress-induced change ranged from +14 to −36 kPa, an
average of 4.5 times larger than that of GO/PDMS, 3.6 times
that of CNT/PDMS, and 2.4 times that of CB/PDMS for the
same fabrication methods. The similar magnitude of stress
change seen in CNT/PDMS and CB/PDMS demonstrates
the lack of dispersion of CNTs in the PDMS matrix, so
that they act like particles similar to CB rather than tubular
filaments, due to the short mixing times. Past reports have
shown much larger stress increases for MWCNTs than seen
here [15]. In those studies, the MWCNTs were shear mixed
in a high shear laboratory mixer for a minimum of 24 h
in the PDMS composite before fabricating the actuator. The
resulting stress of σmax ≈ 50 kPa at 8 mW [9, 15] of absorbed
power (Peffective) gives rise to a calculated ηM for CNTs
of 6.25 MPa W−1. In the present study, the graphene was

only shear mixed for 5 min before fabricating the actuator
to obtain this extraordinary ηM of 7–9 MPa W−1. It may be
possible to obtain much larger ηM values with longer mixing
times. In the present study, however, this same short-time
shear mixing procedure was followed for all carbon/PDMS
composites, to enable a standardized comparison between
different types of carbon/PDMS actuators. This procedure
shows the relative ease with which the plate-like GNPs
disperse in an elastomeric matrix such as PDMS compared
to other carbon forms. The plate-like structure of GNPs may
enable the individual layers to slide against the polymer,
thus achieving rapid and uniform dispersion compared to
filament-like CNTs that tend to roll up into particles in the
short mixing time. For the GNP/PDMS actuators, when the
actuation is translated into a stroke, this corresponds to a total
strain of ∼2–5%, significantly larger than lattice expansion
or contraction alone [34]. It is clear that the photomechanical
actuation of graphene is quite impressive compared to its other
carbon counterparts.

Figure 5(a) shows a comparison of the photomechanical
response for three 2 wt% GNP/PDMS samples at pre-strains
of 3% and 40%. As shown in the figure, actuation and
relaxation are relatively consistent throughout the samples
with marginal dependence on the pre-strains applied, both in
magnitude of actuation as well as response time. Figure 5(b)
shows the photomechanical stress response versus applied
pre-strain, with ±1 kPa standard deviation error bars. At
low pre-strains (under 15%), the standard deviation is less
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Figure 5. GNP/PDMS actuator characteristics. (a) Comparison of actuation response from three samples at 3% and 40% pre-strains, and
(b) average actuation response versus pre-strain with ±1 standard deviation error bars, (c) increase in Young’s modulus of the actuator with
increase in GNP fraction.

than 1.5 kPa; as pre-strain increases, so does the standard
deviation, reaching a maximum of±5.4 kPa at 40% pre-strain.
This suggests that as pre-strains increase, the orientational
ordering of GNPs results in larger contraction of the actuator
or better dispersed/aligned composites. Figure 5(c) presents
the change in Young’s modulus (E) as a function of GNP
fraction dispersed in the polymer. A Young’s modulus
increase to almost twice that of pristine PDMS elastomer
was obtained [35], and thus higher wt% GNP actuators are
also stiffer. These results suggest that the GNPs in PDMS
produced not only a stiffer actuator but also an extraordinary
optical-to-mechanical energy conversion of 7–9 MPa W−1.
It is common knowledge that any type of energy conversion
is associated with heating effects with only a fraction of the
energy used to provide useful work. Due to this effect, we
studied the macroscopic steady-state temperature increase in
the actuators.

Laser irradiation on the GNP/PDMS composites was
found to increase actuator temperature at the irradiation spot.
The temperature decrease as a function of distance from the
illumination source, therefore, was characterized for various
GNP/PDMS composite concentrations. Figure 6 details this
temperature rise for 0% pre-strain (sample length 50 mm) as

well as 40% pre-strain (sample length 70 mm). As expected,
the highest temperature increase also occurs at the highest
GNP concentration (5% GNPs, 0% pre-strain). An ∼75 ◦C
temperature rise quickly diminishes as the distance from the
illumination point increases. As pre-strain and thus sample
length increase, the amount of graphene exposed to the fixed
size irradiation spot decreases due to orientational ordering,
and, therefore, the thermal effects also start to diminish. At
40% pre-strain, the maximum temperature increase has fallen
to∼60 ◦C, a 15 ◦C change compared to the unstrained sample.
It should be pointed out that at large pre-strain, the overall
magnitude of the actuation increases, while the temperature
rise in the actuator decreases. This outcome possibly indicates
that thermal effects may not be the only effect contributing
to the overall actuation mechanism. We believe that this
response is a result of contributions from electrostatic, elastic,
polaronic, and thermal effects that cause this impressive
overall photoresponse of GNP/PDMS composites similar to
CNT/PDMS composites [9, 10, 15].

On exploring GNP/PDMS composites further, questions
arise as to why GNP/PDMS performs better than the other
carbon counterparts tested. While it is understandable that
the GNPs performed better than the CB and GO/PDMS
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Figure 6. Steady-state temperature measurements: temperature decrease along the composite test samples as a result of distance from the
illumination point. 0% pre-strain dimensions and temperature response (left side) are compared with 40% pre-strain dimensions and
temperature response (right side).

mixtures, questions linger as to the reason for the smaller
amplitudes of the photomechanical stress for CNT/PDMS.
There are several likely reasons for this which warrant further
research. First, the two-dimensional (2D) nature of GNPs
enables sliding of individual platelets on top of one another
and thus results in homogeneous sample dispersions within a
relatively short time (∼5 min) shear mixing process. GNPs
act like discrete 2D rigid plates. Due to the similar atomic
arrangement of carbon and crystal-like behavior, friction
and interaction effects between the graphene platelets are
expected to be negligible. However, in the CNT/PDMS
composites, the short time shear mixing was not long
enough to overcome the natural tendency of nanotubes to
form bundles due to their enhanced inter-tube interactions,
thus giving rise to smaller amplitudes of photomechanical
stress. In other words, the nanotubes exhibited ‘particle-like’
behavior for short mixing times rather than that of a matrix
of dispersed 1D tubes. Hence the photomechanical stresses
exhibited by CNT/PDMS actuators were quite similar to
CB/PDMS actuators for the short mixing time. Therefore,
both the matrix orientation and percolation threshold are
crucial for enabling high amplitudes of photomechanical
stress and faster kinetics for CNT/PDMS actuators [17].
Longer mixing times and more sophisticated dispersion
methods are needed to separate the nanotubes from the
bundles as well as render them oriented in the PDMS
matrix.

The maximum photomechanical stress change reported
here corresponds to an optical-to-mechanical energy conver-
sion factor, ηM, of 7–9 MPa W−1. This conversion factor is
significantly higher than for commercial polymers, such as
polyvinylidene fluoride (PVDF), whose calculated ηM value is
∼97 kPa W−1 [36], and azobenzene containing polymers and

gels [37]. While rapid photomechanical actuation has been
attained in azobenzene containing polymers [38], practical
applications are difficult due to the dependence on the
precise location of the azobenzene moieties in the dark as
well as photoplastic effects making them relax slowly, in
∼10 min [39]. On the other hand, shape memory (SM)
polymers are quite interesting. When SM polymers are
elongated up to 20% followed by irradiation of the actuator
at λ = 260 nm for 60 min, this process releases the stress
and causes relaxation [40]. Such prolonged stress relaxation,
however, could lead to a very long actuation time that is
not practical for many commercial applications. Recently,
liquid crystal elastomers (LCEs) have emerged as interesting
polymers due to the polymeric network and liquid crystal
anisotropic chain. Thermo-responsive LCEs have shown large
contractions of 35–40% throughout the phase transition with
a force of 0.001 MPa ◦C−1, comparable to that of skeletal
muscle [41]. Similarly ferro-electric LCE films have shown
4% strains at 1.5 MV cm−1, making them expensive with
respect to energy consumption [42]. Compared to these
previously reported actuators with impressive characteristics,
the reversible contraction and expansion in GNP/PDMS
provides fast actuation and relaxation; furthermore, the
actuation is elastic and samples actuate during light on and
return to the original state within 5 s after light off. While
previous nanotube/PDMS composites have exhibited similar
stresses to the GNP/PDMS composites reported here [15]
for different fabrication recipes, nevertheless, GNPs are less
expensive and far easier to disperse compared to CNTs
in a polymer matrix. With a high energy conversion ratio
of 7–9 MPa W−1, GNP-based materials could be one of
the best material choices for future mechanical actuators,
thermoelectric-based devices, and solar energy converters.
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3. Conclusions

In this study, we have demonstrated the intrinsic photome-
chanical actuation of graphene-based polymer composites.
Actuation is witnessed only through the presence of graphene.
Dispersion of GNPs into a PDMS silicone elastomer matrix
resulted in a novel GNP-based photomechanical actuator that
showed reversible light-induced elastic expansion and con-
traction. For a 2 wt% sample, a photomechanically induced
change in stress of +14 kPa at low pre-strains and −36 kPa
at high pre-strains was successfully demonstrated. With
an optical-to-mechanical energy conversion factor of ηM ∼

7–9 MPa W−1, GNP/PDMS composites have outperformed
most photoresponsive materials, including all other carbon
forms tested, for the fabrication method described here.
Looking forward to a variety of possible future applications of
photomechanical actuators, one can develop surfaces that can
undergo simultaneous expansion and contraction. On a small
scale, this could be used for assembling surfaces to study
mechanical forces on soft matter, such as biological materials
like cells, where the forces are delivered in non-contact
manner using photomechanical actuation. On a large scale,
a thin film of GNP/PDMS polymer could be utilized as a
fundamental smart material in adaptive skins. The temperature
decrease with increase in pre-strain of the actuators could
be useful for developing a new type of strain gauge by
measuring linear temperature change with strain. In the field
of sensing, graphene-based photomechanical actuators could
be highly useful for sensing adsorbed molecules that result
in a change of the actuator’s stress state. Finally, the distinct
stress response states of the photo-actuators (positive, zero
and negative) could be useful for designing nano-mechanical
memory. Instead of a cantilever gently touching the surface of
the polymer pit to write, it could be stressed simultaneously
at millions of points using a single light source, enabling
nanoscale photomechanical writing. Such photomechanical
writing could be reversible and fast, as well as actuated
through control of the number of photons reaching the surface.
We believe that further development of graphene-based
polymer composites will extend the promising potential of
graphene-based actuation technologies and will serve as a
catalyst to inspire continued research into energy conversion
devices and systems.

4. Methods

4.1. General setup

The research grade GNPs were purchased from Cheap
Tubes, Inc., and had >99% purity (verified using SEM),
>700 m2 g−1 surface area, <3 nm thickness, <3 layers, and
0.5–2 µm diameter. The CNTs purchased from Cheap Tubes,
Inc., consisted of 60% single-wall CNTs, 35% MWCNTs,
and <1.5% ash. The GO purchased from Cheap Tubes, Inc.,
was >99% purity. The CB was purchased from Polysciences,
Inc. All carbon types were used in original form and not
surface modified at any time. Fisherbrand 75 mm × 50 mm
glass slides were used extensively for PDMS composite

sample preparation. An 808 nm, 500 mW laser served as
the NIR illumination source. All experiments were conducted
in a climate-controlled laboratory. The test equipment was
operated inside a light-isolated enclosure mounted on an
active air suspension table. Webcams inside the testing
enclosure were continuously monitored to ensure that all
control gear operated properly.

4.2. Sample preparation

PDMS silicone elastomer obtained from Dow Corning
(Sylgard 184) was used as the host matrix. PDMS is a two-part
solvent-free flexible silicone organic polymer in the form of
a base compound with a separate hydrosilane curing agent
that acts as a crosslinker. The term ‘wt%’ used throughout
the paper refers to the ratio of carbon additive to PDMS
base compound. The PDMS composites were fabricated by
weighing the desired amount of additive (GNPs, CNTs,
GO, or CB) and adding to the PDMS base compound. The
additive/base compound combination was then shear mixed
for 5 min to facilitate carbon distribution. Taking into account
the additive weight, a crosslinker was added at a ratio of 1:10
and further shear mixed for 5 min. To remove trapped air
pockets, the prepared polymers were degassed for 30 min.
Small amounts of liquid polymer mixtures were deposited on
the glass slides. A standard spin coating process at 750 rpm
for 150 s successfully produced nominally 60 µm thick films.
High temperature curing at 125 ◦C for 20 min was employed
to finish the cross-linking process in the polymer. The PDMS
composite sample dimensions were approximately 60 mm ×
3 mm (50 mm of active test area, with 5 mm on each side
for test fixture mounting). The level of carbon distribution
within the PDMS polymer was qualitatively evaluated in the
post-bake composites using optical microscopy. The same
shear mixing time of 5 min was used for other carbon forms
so as to enable standardized comparison of their performance
for such short mixing times.

4.3. Stress test experimentation

The PDMS composite test samples were mounted vertically
between two clamps (figure 1(c) shows this setup). The
bottom clamp was attached to a weighted (50 g) base and
placed on a high accuracy balance (Acculab ALC-80.4). The
upper clamp was attached to an automated linear actuator that
was in turn mounted to a high accuracy manual positioning
stage. The laser diode was placed ∼75 mm from the middle
of the test strip such that the illumination impacted normal to
the PDMS surface. Deformation in the composite strips as a
result of NIR illumination caused a change in weight readings
on the balance. Once the light was turned off, both the actuator
and the balance returned to their original length/reading,
respectively. Actuation was quite repeatable from cycle to
cycle with nearly the same displacement amplitude. Stress
test standardization was accomplished by finding the zero
strain value for each sample and zeroing the balance. Stress
tests on each sample were conducted with pre-strain values
ranging from 3% to 40%. The timing sequence for each
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pre-strain value was 1 min relaxation wait followed by five
cycles of NIR illumination on for 60 s and then off for
30 s. Engineering stress calculations (referred to as stress
throughout the paper) were made by dividing the change in
force between illumination on and off by the cross-sectional
area of the test samples.

4.4. Young’s modulus calculation

Young’s modulus values as a function of increasing wt%
GNP/PDMS were determined by first measuring the stress
induced by pre-straining each test sample from 0 to 5%
in 1% intervals (NIR illumination off ). For a given wt%
GNP/PDMS, an average of the resulting change in stress
divided by the pre-strain (for pre-strains from 0 to 5%)
yielded the value for the elastic modulus. The GNP/PDMS
test samples were observed to have an elastic behavior in this
region.

Optical-to-mechanical energy conversion calculation:

Peffective = (Plaser/Aspot)Aincident

ηM = 1σ total/Peffective.

A laser power meter (Newport 1918-C) was used to
calculate the laser power absorbed in the test sample. First, an
uninterrupted laser power of ∼500 mW was measured. Next,
a 2 wt% GNP/PDMS test sample was mounted in front of
the meter and a value of ∼160 mW was obtained. Therefore,
the difference (∼340 mW) is the amount of power absorbed
in the test sample and is referred to as Plaser throughout the
paper. Aspot is the area of the spot size (3 mm × 3 mm, or
9 mm2), and Aincident is the area for absorption within the film
(3 mm × 60 µm, or 0.18 mm2). The effective laser power
(Peffective), therefore, is 6.8 mW. The optical-to-mechanical
energy conversion factor (ηM) is calculated by dividing the
total change in engineering stress (1σtotal) from maximum
expansion to maximum contraction (+14 to −36 kPa, or
50 kPa) by the Peffective, resulting in a value of 7–9 MPa W−1.

4.5. Thermal response testing

Steady-state temperature tests were conducted by placing a
thermocouple (Omega, K-type) in contact with the PDMS
composite. The temperature measurements were conducted
in 5 mm intervals from the illumination point to the edge of
the testing area (25 mm for 0% pre-strain, 35 mm for 40%
pre-strain). Each position was held for 5 min to allow the
temperature to reach its steady-state value (typically reached
within 2 min). The plotted temperature data points were
calculated by averaging the last 60 s of each test period.
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