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ABSTRACT: High performance active materials are of rapidly growing interest for applications including soft robotics,
microfluidic systems, and morphing composites. In particular, paraffin wax has been used to actuate miniature pumps, solenoid
valves, and composite fibers, yet its deployment is typically limited by the need for external volume constraint. We demonstrate
that compact, high-performance paraffin actuators can be made by confining paraffin within vertically aligned carbon nanotube
(CNT) films. This large-stroke vertical actuation is enabled by strong capillary interaction between paraffin and CNTs and by
engineering the CNT morphology by mechanical compression before capillary-driven infiltration of the molten paraffin. The
maximum actuation strain of the corrugated CNT-paraffin films (∼0.02−0.2) is comparable to natural muscle, yet the maximum
stress is limited to ∼10 kPa by collapse of the CNT network. We also show how a CNT−paraffin film can serve as a self-
activating thermal interface that closes a gap when it is heated. These new CNT−paraffin film actuators could be produced by
large-area CNT growth, infiltration, and lamination methods, and are attractive for use in miniature systems due to their self-
contained design.
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■ INTRODUCTION

Continued development of active materials whose dimensions
can be changed using electrical, optical, or thermal stimuli is
essential to advancing applications such as robotic manipu-
lators, shape-changing composites, and microfluidic pumps and
valves. Specifically, paraffin wax has found longstanding use in
linear actuators with centimeter-scale and larger dimensions,
which are widely used in automotive and aerospace systems.
This is because paraffin wax exhibits a large and repeatable
volume change (10−40%) and stress output (10−100 MPa)1,2

upon melting, which results in a high mechanical energy density
(107 J m−3)2 (Figure S1, Supporting Information). However,
paraffin-based actuators are found to exhibit noticeably smaller
actuation strains and stresses when compared to standard

pressure−volume−temperature (PVT) data. For example,
Kabei et al. have shown a paraffin actuator capable of reaching
strains up to 6% under 2 MPa of load. In comparison to
paraffin, thin film shape memory alloy (SMA) actuators exhibit
actuations strains of 7 × 10−3−7 × 10−2 and stresses of 100−
700 MPa, while thin film piezoelectric (PZT) actuators exhibit
actuation strains of 5 × 10−6−2 × 10−4 and stresses of 1−9
MPa.3 Because figures of merit, such as maximum actuation
strain and stress, cannot be arbitrarily combined, maximum
actuation strain usually corresponds to a zero load condition.
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Paraffin has also been incorporated in microscale systems
including on-chip pumps,4 valves,5−8 thin-film cantilevers,5,9

and linear actuators.10 Odgen et al. recently reviewed the design
and performance of miniaturized paraffin actuators, valves, and
pumps.11 These designs and the related fabrication methods are
complicated by the need to confine the paraffin during melting,
which is needed to convert the expansion of the paraffin wax
into a directed motion. As a result, the overall system
performance of miniature paraffin actuators is often compro-
mised relative to the intrinsic actuation capability of paraffin.
These actuators also require a large footprint compared to the
size of active material used.
Therefore, owing to its intrinsic performance and simplicity

of operation, it would be useful to develop more scalable means
to harness the actuation capability of paraffin wax in composite
materials. Recently, Lima et al. demonstrated microfiber
actuators that comprised carbon nanotube (CNT) yarns
infiltrated with paraffin wax.12,13 In these actuators, the wax
melts inside the yarn upon heating and remains confined within
the yarn due to its strong wetting of the CNTs and high surface
tension. As the wax expands, it swells the CNT yarn, which
causes the composite to contract its length due to the
mechanical anisotropy introduced by the twist of the CNTs
about the yarn axis. These yarns exhibited up to 8% contraction
upon heating12 and were able to lift 17 700 times their own
weight with a 3% axial contraction.
In this paper, we show how large stroke thin film

nanocomposite actuators can be made by confining paraffin
within vertically aligned CNT films (CNT “forests”) and how
the actuation stroke of the composite can be engineered by
corrugating the forests on the microscale. We find that
actuation is governed by two distinct regimes of operation:
(1) low strain expansion below the wax melting point, wherein
the composite actuator has high stiffness and (2) high strain
expansion during and beyond the melting transition, wherein
the actuator has much lower stiffness. Last, we show how the
high strain regime can be exploited to build a self-activating
thermal interface, where the vertical extension of the nano-

composite film causes it to contact a second substrate, resulting
in enhanced heat dissipation at elevated temperature.

■ RESULTS AND DISCUSSION

CNT−paraffin nanocomposite films were fabricated by
capillary driven infiltration of molten paraffin wax into vertically
aligned CNT forests, as shown in Figure 1. First, CNT forests
were grown on silicon wafers by atmospheric pressure thermal
chemical vapor deposition (CVD) using a supported catalyst
(1/10 nm Fe/Al2O3) deposited by sputtering (see Methods
section, Supporting Information).14,15 After the allotted growth
time, which determines the CNT forest height, the CVD
system was cooled rapidly while the hydrocarbon flow was
maintained; this resulted in strong CNT−substrate adhesion,
which prevented delamination of the forest during paraffin
expansion.
Next, the CNT forest was compressed vertically using a

precision actuator while resting on a hot plate. Upon
compression, the CNTs collectively folded, starting at the
base of the forest, which resulted in the corrugated morphology
shown in Figure 1, panel D.16−19 The corrugated morphology is
visually reminiscent of a macroscopic accordion bellows. Unless
otherwise noted below, the CNT forest was compressed to 50%
of its as-grown height. Next, the corrugated CNT forest was
heated to 100 °C, and molten paraffin wax was poured onto to
the sample from the side, while the compressive load was
maintained. The wax rapidly wetted the CNTs and wicked into
the forest. The hot plate was then cooled (∼4 °C/min) to 35
°C, while the sample was kept under constant load. Under
constant load, the CNT forest initially shrinks upon wax
infiltration and then shrinks further upon cooling. Last, the
wax-infiltrated CNT forest was removed from the hot plate and
placed on a spin-coater. The sample was heated using a UV
lamp, which caused the wax to melt, and spinning was used to
remove excess wax from the substrate while the wax was
retained within the CNT forest due to capillary action.
The corrugated forest morphology is essential to achieving

large actuation stroke upon paraffin phase change. Maintaining

Figure 1. Fabrication of corrugated CNT−paraffin nanocomposite films: (a−c) Key process steps; SEM images of (d) compressed CNT forest with
corrugations and (e) CNT−paraffin composite film, with (f) close-up of corrugated microstructure.
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compressive load during paraffin infiltration and cooling allows
the corrugated morphology to be maintained in the nano-
composite film. If the CNT forest is unloaded before paraffin
infiltration, the wave-like corrugation is only partially recovered
because the elastic energy stored in the deformed CNTs is
counteracted by the van der Waals adhesion between CNT
contacts created during forest compression. If the forest is
infiltrated with paraffin without maintaining the compressive
load, the forest expands to approximately 80% of its initial
height during cooling and develops cracks in its top surface
during cooling (Figure S2, Supporting Information). These
cracks, which extend through to the substrate, are caused by
local capillary aggregation of the CNTs, which is driven by the
shrinkage of the wax upon cooling. The pressure from capillary
aggregation exceeds the lateral strength of the forest and causes
these cracks. Upon thermal cycling, such cracked composite
films close and open their cracks, instead of expanding and
contracting vertically, and therefore do not operate as intended.
Upon heating, the crack-free nanocomposite film expands

vertically, and the wavelength of the corrugations increases,
visually resembling inflation of an accordion bellows. A side
view optical image at 25 °C and a mirrored image of the same
film heated to 150 °C are shown in Figure 2, panel A.
Measurements of the thermally induced strain with no load
applied were made via edge tracking of optical images taken
using a telecentric lens backlit by a collimated white light
source. This actuator extended vertically by ∼17% (perpendic-
ular to the substrate) at 150 °C, as shown in Video S3 of the
Supporting Information. Strain versus temperature data from
three consecutive heating and cooling cycles (Figure 2B) show
that the vertical actuation of the nanocomposite is repeatable.
In further experiment, we cycled the actuators up to 10 times
without observing degradation. Further work is certainly
needed to investigate the durability and identify means to
prevent long-term degradation especially when operated in air.
With increasing temperature below the melting point, the

CNT−paraffin film expands slowly, then it expands rapidly
through the melting transition (53−57 °C), and after that it
expands in an approximately linear relationship with temper-
ature. Thus, the strain−temperature curve of a characteristic
CNT−paraffin actuator has three distinct regions: (1) low
thermal expansion below the melting point, (2) rapid expansion
during melting, and (3) further expansion driven by the
increased pressure of the confined molten wax. In the second
and third regions, the shape of the curve for the CNT−paraffin
nanocomposite is similar to that for unconstrained paraffin wax
of similar molecular weight20 but exhibits a lower volume
change. Through the complete thermal cycle, the CNT−
paraffin films undergo a volume change of approximately 20%.
Although the generated change in volume compares favorably
to other paraffin based actuators, standard PVT20 data for
unconstrained neat paraffin wax of similar molecular weight
exhibit a volume increase of approximately 40%. In practice, all
paraffin actuators exhibit less than 40% volume change because
the wax must be confined to extract any useful work. In our
case, paraffin does work against the stiffness of the CNT forest
to expand the composite. Comparable mechanisms limit the
strain of macroscale paraffin actuators, yet to a greater degree,
wherein the paraffin is held within a container. For further
discussion, we denote the low thermal expansion region below
the melting point as “regime 1” and the subsequent behavior of
rapid expansion upon melting and linear expansion beyond
melting as “regime 2”.

To explore the underlying actuation mechanism of each
regime and the relationship between applied force and
actuation strain, we applied constant loads during heating
while monitoring the vertical displacement of the film, using a
feedback-controlled loading system. Consecutive thermal strain
curves under constant stress levels varying by factors of 10,
from 0.01−10 kPa, are shown in Figure 2, panel C. In regime 1
(below the wax melting point), all four strain curves overlap
closely and reach a maximum thermal strain of 3% at 50 °C.
For all but the 10 kPa curve, rapid expansion upon melting
takes place. As expected, an increase in applied load leads to
smaller actuation strains. At 10 kPa load, the CNT−paraffin
nanocomposite collapses after melting, which suggests that the

Figure 2. Actuation of CNT−paraffin composite films. (a) Image of
the actuator side view at 25 °C and a mirrored image of the same view
at 150 °C with 1 mm scale bar. (b) Three consecutive cycles of a
CNT−paraffin actuator under no load. (c) Displacement and strain
versus temperature under varying values of constant applied stress
during heating.
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blocking stress of the CNT−paraffin actuator in regime 2
(above the wax melting point) is between 1 and 10 kPa. In the
shown data for regime 2, the strains reached under load slightly
surpass those reached in the no load condition, which is likely
due to run-to-run variation in CNT forest density.21

Once the wax is melted inside the CNT forest (>60 °C), the
vertical stiffness of the film decreases significantly, as shown in
Figure 3. This signifies the onset of regime 2. The reported

stiffness is calculated from the initial positive slopes of each
stress−strain curve during the unloading. At room temperature,
the modulus of the actuator is 18.6 MPa, which is
approximately 15-fold greater than a corrugated (crushed)
CNT forest that has not been infiltrated with paraffin. The
actuator stiffness unexpectedly increases to 46.7 MPa at 40 °C.
The actuator stiffness then drops significantly, to 4.5 MPa, as
the wax melts at 60 °C, while at 100 °C, the stiffness of the
actuator drops to 1.2 MPa, which is less than the stiffness of the
corrugated CNTs without paraffin.
A similar pure paraffin wax would be expected to undergo a

solid−solid phase transition just below the melting point
(47.0−53.3 °C).22,23 The phases and transition points depend
on the chain length, amounts and types of impurities, and

external pressure.23 In general, within this temperature range,
paraffin wax transition to a softer phase where molecules are
free to rotate about their chain axis prior to melting. Because an
increase in pressure is expected to move the transition point
closer to the melting point and because the majority of the
actuation in regime 1 takes place significantly below the wax
melting point, we do not expect that the solid−solid phase
transition is responsible for the observed actuation.
Instead, actuation of the CNT−paraffin film in regime 1 is

likely powered by the release of the deformation energy (stored
in the CNTs during wax freezing), which does work against the
viscous forces in the wax and lifts the applied load upward by
up to 3% strain at 10 kPa. Because the compressive load used to
crush the forest is maintained during cooling of the freshly
infiltrated wax and because wax undergoes shrinkage during
cooling, additional elastic energy is stored in the CNT network
during freezing of the wax. As the wax softens before melting, it
allows the corrugated microstructure to relax, releasing the
stored deformation energy. When the wax melts, the wave-
length of the corrugated CNT morphology increases, signaling
the onset of regime 2. The behavior of the composite in regime
1, below the wax melting point, is analogous to some shape
memory materials, where elastic deformation energy is first
stored at lowered temperatures and is later released during
heating, resulting in a shape change. However, unlike most
shape memory materials, upon subsequent cooling, the wax
pulls the CNTs back to their initial corrugated shape without
requiring an external restoring force. Therefore, the CNT−
paraffin system is a fully reversible shape memory composite,
and to our knowledge, this is the first time that such has been
achieved using paraffin wax as the active material. The observed
behavior has similarities to shape memory materials exhibiting
an intrinsic two-way effect.
In regime 2, the wax has undergone melting and expands up

to 20% more in total, doing work to extend the corrugated
CNT forest. The equilibrium position of the actuator, at
elevated temperature, is reached when pressure of the molten
wax inside the forest equals the pressure required to
incrementally extend the forest in the vertical direction in
addition to any externally applied load. If the pressure exerted
by the paraffin exceeds the capillary pressure, the molten wax is
expected to flow out of the forest. For example, loading an
actuator to 100 kPa at 150 °C results in the escape of wax, and
the film becomes compressed to less than 10% of its initial
height.
The actuation properties of CNT−paraffin films are strongly

dependent on the compression strain applied to the CNT
forest before and during paraffin infiltration; we found that
samples compressed by approximately 50% of their initial
height resulted in the actuators with the largest vertical stroke
(Figure S4, Supporting Information). When compressed by
50% of its as-grown thickness, a CNT forest was observed to
have a corrugated conformation for the lower 45−50% of its
compressed thickness (as viewed from the side). Further, the
density and alignment of the CNTs within the forest are
expected to influence the capillary pressure confining the wax
within the composite, therefore changing the actuator stiffness
and strain output. A greater CNT density would result in a
lower average spacing between individual CNTs, resulting in a
greater capillary pressure of the paraffin and therefore a greater
blocking stress of the actuator. Additionally, we expect that a
greater CNT forest density will correspond to greater actuator
stiffness at the expense of less maximum strain. For regime 2,

Figure 3. (a) Temperature dependent compressive stiffness of CNT−
paraffin films and (b) exemplary stress−strain curves used to
determine stiffness.
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this trade-off is due to the energy density of the process
powering the shape change, in this case, the phase transition
and thermal expansion of paraffin, remaining largely unchanged
by the density, morphology, or increased stiffness of the CNT
forests.
While the CNT−paraffin actuators exert a relatively low

stress after melting (<10 kPa), they exert an impressive force of
176 mN with a total actuator footprint of only 0.32 cm2. This is
because the wax is efficiently confined within the CNT forest,
which occupies less than 1% of the total volume. The maximum
actuation strain of the CNT−paraffin nanocomposite (∼0.02−
0.2) exceeds that of shape memory alloys (∼0.07)3 and
approaches that of natural muscle (∼0.3−0.7).3 Further study is
needed to explore the mechanism and limits of actuation, yet it
is clear that the strain and stress will be related to the density of
the CNTs, their initial deformation, and the intrinsic active
behavior of the paraffin wax. Moreover, although the blocking
stress for regime 1 is not known, the present CNT−paraffin
film actuator is able to lift at least 2000 times its weight (8.7 mg
of paraffin) at 40 °C. The largest measured specific work for
our actuator in regime 1 (below the wax melting point) is 846
J/kg, while the maximum specific work produced in regime 2 is
only 342 J/kg. The specific work in regime 2 is limited by the
low blocking force. On the basis of the CNT−paraffin actuator
stiffness in regime 1 and the measured strain, the blocking
stress for this regime is predicted to be 1.4 MPa. This is
comparable to paraffin actuators wherein the wax is sealed in a
container and undergoes melting.1 A comparison of the CNT−
paraffin film performance to traditional actuators and active
materials can be found in Figure S6 of the Supporting
Information.
Last, we explore one potential application of the CNT−

paraffin film actuator, a passive thermal switch,24 which enables
engineered heat dissipation via self-actuated contact with a
second surface. We present a preliminary demonstration of this
by measuring the thermal conductivity of the CNT−paraffin
actuator as it expands upward to contact a second surface. We
constructed a setup with thin film heat flux sensors on parallel
surfaces (Figure 4A) and then measured heat flux through the
composite versus temperature as it closes the gap between the
surfaces (Figure 4B). The thermal conductivity of the CNT−
paraffin composite was calculated from a combined thermal
resistance model using the measured heat flux into the heat sink
and the temperature difference between the hot plate and the
heat sink (see Supporting Information for model description).
When the system is heated from below the CNT−paraffin

film, the thermal resistance is initially large, while most of the
heat is absorbed by the paraffin wax. As the film expands, the
thermal resistance of the actuator and the gap decreases rapidly,
the air gap is reduced, the conductivity of the paraffin
increases,25 and ultimately the actuator contacts the heat sink.
As the gap closes and the composite contacts the upper heat
sink, the thermal conductivity increases to approximately 0.4
W/m-K at 70 °C (Figure S5, Supporting Information). This
value is approximately twice that of neat high thermal
conductivity paraffin wax at room temperature (0.21−0.24
W/m-K) and approximately three times that of a paraffin wax
with comparable molecular weight at 70 °C (0.13 W/m-K).26

The greater thermal conductivity than neat paraffin is due to
the presence of aligned CNTs within the composite (∼1 wt %).
Further enhancement in composite thermal conductivity may
be gained by inclusion of graphite nanoplatelets in the paraffin;
a recent study showed that 7 wt % graphene increased thermal

conductivity from 0.25 to 0.85W/m-K.27 The final value is
comparable to commercially available polymer−ceramic
composite thermal transfer tapes28 and is close to that of
passive composites made by polymer infiltration to CNT
forests.29,30 In principle, the temperature at which the actuator
engages the heat sink could be controlled via the initial gap or
the physical characteristics of the CNT−paraffin film (prestrain,
paraffin composition, CNT density, etc.). We expect this degree
of engineering to be broadly useful for thermally responsive
surfaces, which are useful in modulating flow control, wetting,
optical, and thermal properties.

■ CONCLUSION
In summary, we have shown that large-stroke microstructured
thermal actuators can be made by infiltration of corrugated
CNT forests with paraffin wax. Two fundamentally distinct
mechanistic regimes of the CNT−paraffin actuator were
identified: (1) a reversible shape memory behavior regime
with high stiffness and low strain below the melting point and
(2) a low stiffness, high strain regime above the melting point.
In regime 1, the actuator was capable of lifting 2000 times is
own weight (exerting and impressive force of 176 mN) with an
actuation strain of 3% and a stress of 10 kPa at 40 °C, while in
regime 2, the actuator was shown to reach an actuation strain of
20% and a stress of 1 kPa at 175 °C. This large-stroke vertical
actuation is enabled by strong capillary interaction between
paraffin and CNTs, and engineering of the vertical compliance

Figure 4. Demonstration of CNT−paraffin actuator as a passive
thermal switch. (a) Simplified setup of measurement configuration;
(b) measured heat flux through the actuator versus gap between the
surfaces.
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by corrugation of the CNT forest on the microscale. CNT−
paraffin nanocomposites have been shown to act as switchable
thermal interfaces with a thermal conductivity up to 0.4 W/m-
K at 70 °C with a CNT content of 1 wt %. Because the CNT−
paraffin film actuators do not require external confinement to
restrain the wax, the materials are amenable to integration with
laminates and miniaturization for applications including
thermally responsive surfaces and flow control.
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