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Soft electrothermal actuator array 
for surface morphing application
Ryan Nam, Ji Eun Lee, Michael Jakubinek, Behnam Ashrafi, and 
Hani E. Naguib*

Electrothermal actuators (ETAs) have been the focus of continuous R&D in targeting 
soft actuator applications. This article explores both the fabrication and design 
characteristics of a poly(dimethylsiloxane) (PDMS) elastomer—carbon nanotube 
buckypaper layered composite in the dual cantilever bending arrangement. 
Actuation characterization tests demonstrate the relationship between actuator 
geometries, boundary conditions, and heating rate to the maximum bending 
deflection. SEM observations on the cross sections of the ETAs fabricated with 
different conductive layers display the variations in thickness, and the effects of 
localized heating zones are discussed. By comparing different fabrication methods, 
improvements to the actuation features through ETA design modification were 
reported, and the possibility to greatly increase the actuation was displayed. 
The potential of ETAs as surface morphing actuators is demonstrated in concept 
through fabrication of a single sheet array consisting of multiple ETAs with the ETA 
segments individually and simultaneously activating to create hill-like features.

Introduction
Soft robotic actuators as alternatives for 
conventional mechanical systems have 
been the focus of an extensive amount of 
research as the demand for miniaturization 
and optimization increases.1–3 Compared to 
well-established mechanical systems with 
electric motors, actuators based on soft 
responsive materials can provide benefits 
such as greater flexibility, lower manufac-
turing cost, higher load-to-weight ratio, 
reduced size and weight, and versatility in 
external stimuli for actuation.4–7 Incorporat-
ing a combination of these traits opens the 
possibility for usage in applications rang-
ing from morphing structures for  aircrafts8,9 
to soft robotic grippers.10–12 In terms of 
readily available and accessible activation 
methods, electroactive polymers (EAPs) 
are one of the most investigated areas of 

development. EAPs are most notable for 
their considerable induced strain produced 
when stimulated by an external electric 
 field13,14 and include material types such as 
ionic polymer-metal composites, dielectric 
elastomers, and conductive polymers.15,16 
In addition to these, there exists a group of 
composites called electrothermal actuators 
(ETAs), notably distinct from the types pre-
viously mentioned as ETAs can operate in 
an electrolyte-free environment under low 
driving voltages.17

The primary mechanism for ETA activa-
tion is an increase in temperature resulting 
in thermal expansion of the conductive com-
posite. The heating to initiate this process is 
typically achieved through passing an electric 
current through a conductive layer.18–20 ETA 
composites are typically created as a flexible 
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Impact statement
Exploring the fabrication of novel soft robotic 
actuators shows great promise in creating devices 
that are lightweight, flexible, and multifunctional. 
These actuators can provide a unique alternative to 
conventional mechanical solutions. For example, as 
lightweight and low-profile surface actuators where 
conventional mechanical actuators are too bulky. 
This article discusses an investigation of the bend-
ing deformation of various designs of electrothermal 
actuators and the various factors that influence the 
actuation performance such as geometry, electrical 
conductivity, and actuator fabrication methods. To 
better understand the behavior, several charac-
terization tests and various fabrication methods 
are demonstrated. The aim is to investigate and 
understand the fundamental factors that influence 
the deformation of electrothermal actuators and 
develop a shape conformable array of actuators 
for shape-morphing applications. The overall per-
formance of the developed actuators shows great 
promise for improving soft robotics systems.

http://crossmark.crossref.org/dialog/?doi=10.1557/s43577-022-00474-4&domain=pdf
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bilayer of a high coefficient of thermal expansion (CTE) poly-
mer and a conductive film. Similar to the thermal expansion of 
a bimetallic strip, the heating will cause more expansion in the 
comparatively greater CTE polymer side and bend it toward 
the lower CTE side. ETAs, unlike other electrothermally driven 
smart materials such as shape-memory polymers with conduc-
tive fillers, have the advantages of a wider variety of materi-
als, reversible shape change, and continuous range of bending 
deformation because they are not constrained by a transition 
temperature.21,22 Researchers have designed grippers by tak-
ing advantage of this bending and have demonstrated bending 
deformations greater than 220° curvature in a period of less than 
8 s.23 Further developments in the actuator design,24 bilayer 
materials properties,25 and operating  constraints26 have been 
made.

An essential component of ETA performance is the prepa-
ration and composition of the conductive layer. In general, 
carbon nanotubes (CNTs) have commonly been utilized as a 
highly conductive nanofiller for advanced polymer compos-
ites.27–29 There has been an increased interest in CNT-based 
composites for multifunctional applications because CNTs 
display great mechanical strength, low density, high flex-
ibility, and excellent electrical conductivity.30,31 However, a 
frequent limitation to CNT incorporation is the uniformity 
in dispersion. Due to their large surface area resulting from 
their high-aspect ratio, the van der Waals interactions between 
individual nanotubes leads to considerable amounts of nano-
filler agglomeration.32 Inconsistencies in dispersion produced 
from agglomeration can manifest in unexpected mechanical, 
thermal, and electrical properties that can be detrimental to 
actuator performance and lifetime.33 In a study by Ahn et al., 
heterogenous ETAs were fabricated by sonicating a solution 
of CNTs mixed with Ag nanowires and spray coating a fabric 
substrate to create the conductive layer.34 Martinez-Rubi et al. 
demonstrated the fabrication of high CNT content composite 
sheets through a one-step vacuum filtration process with tailor-
able mechanical and electrical properties.35

This study investigates and optimizes the design and con-
trol of poly(dimethylsiloxane) (PDMS)/CNT composites 
through various fabrication methods and characterizations. 
This includes the actuation trends between actuator dimen-
sions, the distance between the fixed constraints, and heat-
ing rate to the observed bending deflection in the fixed beam 
configuration. In comparison to studies that use thin polymer 
composite films of ≤65 μm,36 ETA composites in this article 
will be fabricated thicker for more significant bending defor-
mation. This will also demonstrate the feasibility of ETAs as a 
durable morphing surface with controlled morphing features. 
To progress toward this design, the fabricated individual 
actuators will be operated in a both-ends-fixed arrangement, 
unlike the more commonly displayed cantilever for mechani-
cal grippers,37,38 or the free standing configuration to illustrate 
lateral movement.34,39 Analysis on fabrication methods will 
compare the CNT conductive layer of ETA prepared through 

solution casting versus recovered by filtration method. It has 
been noted by Hajiesmaili et al. that by designing a thickness 
gradient in the conductive layer, the shape morphing of the 
elastomer can be controlled by the spatial variations when 
activated.40 The uniformity of shape morphing will be inves-
tigated as it is affected by the conductive layer thickness due 
to the fluctuations in resistance and stiffness. Utilizing the 
results of these observations, a shape conformable ETA array 
capable of individual and simultaneous shape morphing will 
be fabricated and demonstrated.

Results and discussion
Characteristics of electrothermal actuators
The development of the electrothermal actuators (ETAs) began 
with the investigation of its actuation mechanisms. Soft poly- 
mer-based ETAs are fabricated by bonding an elastomer to 
a conductive filler layer chosen with highly dissimilar coef-
ficients of thermal expansion (CTE), these being PDMS and 
CNT, respectively, in this study. Because the elastomeric and 
conductive layers of the bilayer actuator have significantly 
different values of CTE, the composite will bend toward the 
layer with the lower CTE. This behavior is comparable to the 
heating of a bimetallic strip, where two metals are bonded 
and when fixed on one end and heated, will bend toward one 
side. Bending is favored toward the lower CTE layer, but 
factors such as elasticity and layer thickness will affect the 
degree of deformation. The composite was found have a CTE 
of 361 ± 13 μm/m°C when measured from room temperature 
to 200°C using a thermomechanical analyzer in our previous 
related study.39 The other influential materials properties were 
the thermal diffusivity of 0.133 ± 0.013  mm2/s, and the spe-
cific heat capacity of 3.02 ± 0.15 J/g°C at 200°C. The mechani-
cal properties of the PDMS/CNT bilayer were characterized 
revealing an elastic modulus of 4.57 ± 2.03 MPa, and an ulti-
mate yield strength of 1.03 ± 0.19 MPa. The resistance of the 
conductive layer before the addition of PDMS was 0.12 ± 
0.02 Ω. Once the actuator was fully assembled, the resistance 
across five tested samples increased to 11.7 ± 6.3 Ω when 
measured using a multimeter.

Actuator thickness, the distance between the constraints, 
and the heating duration are several of the factors expected 
to influence the total bending deflection. These factors were 
characterized and plotted through a series of tests (Figure 1). 
To maintain consistency within the tests, the ETA samples 
were constructed with the same dimensions, a width and 
length of 1 cm and 3 cm, respectively. The thermal decom-
position of PDMS and reduction in mechanical properties 
begins at temperatures greater than 200°C.41 Thus, by con-
trolling the voltage, maximum heating temperature for these 
actuators was kept at 180°C, below the onset of these effects. 
The effect of elastomer layer thickness on the bending dis-
placement for samples ranging from 0.2 to 2.5-mm thick is 
shown in Figure 1a. These samples were actuated with 2.5 cm 
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between the constraints, and the resulting center displacement 
was recorded. The resulting maximum deflection in the 1.0-
mm sample was recorded as 2.3 mm from the starting posi-
tion, which is a near 50% increase from the 0.5-mm-thick 
sample (1.5-mm maximum deflection), and near triple the 
amount of the thinnest 0.2-mm sample (0.8-mm maximum 
deflection). Less contrast was observed among the relatively 
thicker samples (1.5 mm, 2.0 mm, and 2.5 mm) where the 
peak displacements were recorded as 2.4 mm, 2.2 mm, and 

2.1 mm, respectively. A positive relation between increases 
to initial thickness and thermal expansion producing greater 
maximum displacement is observed up to the 1.5-mm-thick 
sample. Increasing to the thickness beyond the 1.5-mm mark 
resulted in decreases to the actuation displacement indicat-
ing that the most favorable thickness to displacement ratio is 
found at 1.5-mm thickness for the chosen actuator length and 
width. The lower deflection for the thinner samples (0.2 mm 
and 0.5 mm) is a result of insufficient thermal expansion of 

a b

c
d

e f

Figure 1.  Electrothermal actuator (ETA) characterization graphs. (a) Displacement as a function of temperature for 0.2-mm, 0.5-
mm, 1.0-mm, 1.5-mm, 2.0-mm, and 2.5-mm-thick ETAs. (b) Displacement versus temperature for ETA samples during cooling 
to room temperature. (c) Maximum displacement at 180˚C for various clamping length of a 1.0-mm-thick sample. (d) Example 
of clamped length. (e) Heating time for ETAs of different volumes continuously supplied 8 V. (f) Cooling time for ETAs of different 
volumes at room temperature.
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the thinner elastomer layers to produce the buckling behavior 
between the fixed constraints. The decreasing trend of peak 
displacement for the samples with thicknesses above 1.5 mm 
is a consequence of an excess of elastomer not contributing to 
the deformation. Figure 1b shows the cooling trend for the 0.5-
mm, 1.0-mm, and 2.0-mm-thick samples. In terms of the shape 
recovery, a greater initial drop in displacement is observed in 
the 1.0-mm and 2.0-mm samples going from 180 to 170°C 
compared to the thinner sample.

The relationship between the dimensions of the ETA sam-
ple and the maximum deflection can be expressed through the 
equation of a beam in bending with both ends fixed under a 
uniform load:

where δmax is the maximum deflection at the center of the 
beam, F is the uniformly distributed load, L is the length of the 
beam, E is the modulus of elasticity, and I is the area moment 
of inertia. After inserting the area moment of inertia for a solid 
rectangular cross-section beam,

and simplifying the equation to the dimensional variables, the 
equation becomes:

where w is the width and h is the height of the beam.42 The 
term for height is equivalent to the combined thickness of the 
PDMS/CNT bilayer in this study. Based on Equation 3, it can 
be observed that maximum deflection is inversely proportional 
to the total thickness. An optimal thickness for the construc-
tion of ETA samples is in the range of 1.0–1.5 mm. Further 
decreases to thickness would affect the peak displacement and 
stability, whereas increases to the thickness beyond this range 
would not enhance the maximum deflection, but would raise 
the overall heating time due to the larger volume for the heat 
permeation.

The next observation was on the clamping distance, as 
shown in Figure 1c−d. The clamping length is denoted as the 
distance between the mechanically clamped points to con-
strain thermal expansion of the ETA. To accurately compare 
its effect, a 1.0-mm-thick sample was tested while shorten-
ing the clamped length for each trial. The series of clamped 
lengths tested ranged from 1.0 to 3.0 cm in intervals of 0.5 cm. 
Reducing the clamped length by 0.5 cm segments significantly 
reduced the maximum displacement below 2.5-cm clamping 
length. The largest decrease was between the 2.0 and 1.5-cm 
clamping length, where the maximum displacement drops 
from 1.7 to 0.8 mm. Increasing clamping length to 3 cm had 
a minimal effect on the maximum displacement, remaining in 
the range of 2.2 mm. In contrast to the thickness, Equation 3 
expresses the relationship between maximum deflection and 
length to be directly proportional and to a higher power than 
the thickness, which explains the more pronounced effect. 
The marginal decrease in maximum displacement at 3.0-cm 

1δ
max

= F · L
4/(384 · E · I),

2I
x
= (w · h

3)/12

3δ
max

∝ L

4/(w · h
3),

clamping length is due to the practical constraint with the sam-
ple thickness not producing sufficient thermal expansion over 
the entire actuator length.

Figure 1e−f shows the trend of overall heating and cooling 
time for a standard actuation cycle of ETAs of the same width 
and length, but different thicknesses. The heating time was 
recorded as the actuation time of the ETA required to reach 
180°C while being supplied 8 V, whereas the cooling time was 
the duration of time taken to air-cool to room temperature. The 
heating time approximately doubles for each step increase in 
volume between 0.6 and 4.5  cm3 and doubled from 4.5 to 7.5 
 cm3. Proportional to the increase in volume, a greater input 
power is required to maintain the same heating time. Similarly, 
the observed cooling time increases substantially as the vol-
ume increases. The cooling time doubles from 0.6 to 3.0  cm3, 
and once again from 3.0 to 7.5  cm3. In the absence of active 
cooling, the time to reset to the initial thermal state is consider-
ably longer than the actuation time. The series of characteriza-
tion tests reveal the geometric dependence of clamped bending 
actuation on length and thickness, as well as the heating time 
and cooling trends of ETAs.

Morphology of ETAs
In the previous section, the ETAs analyzed were fabricated 
through solvent casting the CNT conductive layer and curing 
the PDMS elastomer layer on top. When examined using scan-
ning electron microscopy (SEM [Figure 2a−b]), the solvent 
casted samples had large variations in CNT layer thickness. 
Sections were observed where the thickness is measured to be 
nearly twice as much as adjacent sections, ranging from 18.9 
to 34.5 μm in the observed area. The fluctuations in thickness 
can be attributed to the solvent casting fabrication process 
causing randomness in CNT settlement during evaporation 
and losses during removal from the casting container. This 
nonuniformity suggests some regions within the actuator will 
have greater electrical resistance than others, creating local-
ized heating zones and contributing to nonsymmetrical ther-
mal expansion.

To diminish this effect, it is theorized that increasing the 
uniformity in thickness of the conductive layer will improve 
the uniformity in heating distribution, bending consistency, 
and deformation. A vacuum filtration method was used to 
recover a CNT layer on a solvent permeable membrane. 
After curing a layer of PDMS on top, the cross section was 
inspected, as shown in Figure 2c. The vacuum-filtered ETA 
had considerably lower variation in layer thickness, within 
4 μm. In addition to the uniformity in thickness, multiple 
actuators could be created using the same CNT buckypaper, 
leading to easily replicable actuators with consistent conduc-
tive layer properties.

Another approach to increase heating distribution and effi-
ciency was attempted by fabricating trilayered ETAs. This 
method completely encases the CNT layer within the elasto-
mer, which greatly reduces the heat loss ordinarily present in 
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the bilayer actuator through the uncovered areas. The upper 
layer of PDMS in this design was fabricated to be twice the 
thickness compared to the bottom layer. This causes the bend-
ing deformation to favor curling toward the thinner layer 
because the thermal expansion is greater in the thicker side. 
Figure 2d shows the interaction region of the CNT layer from 
both sides with PDMS.

Actuation of alternative ETAs
By utilizing the vacuum-filtration fabrication processes, vari-
ous improved electrothermal actuator configurations were con-
structed. To compare the behavior of these configurations, the 
actuation of solvent casted and filtered bilayer, and a solvent 
casted trilayer ETA (all with an overall thickness of 1 mm) 
were compared as shown in Figure 3. In the case of the sol-
vent casted bilayer configuration, the maximum deflection 
upon initially reaching 180°C was 2.3 mm. The heating cycle 
time was 60 s, and the average input power was 5.65  ±  0.32 W 
in the three attempted tests. In comparison, the ETA created by 

filtration of the conductive layer was observed to have a peak 
displacement of 2.0 mm from the initial position. In the three 
trials of this sample, the heating took approximately 50 s and 
the power required for this was 2.70  ±  0.15 W.

Although producing a lesser magnitude of bending actua-
tion, the filtration-produced ETA could successfully reach 
the desired maximum temperature of 180°C faster and with 
substantially reduced input power (50% of the solvent casted 
ETA). The filtration method produces a more densely packed 
CNT layer, which is responsible for the faster heating speed 
and lower power input. However, the difference in displace-
ment results can be attributed to the greater thickness of the 
conductive layer in the filtration method restricting the con-
traction and bending of the elastomer. An additional benefit 
to using the filtration method was the consistency in the fab-
rication process. For applications where the shape morphing 
is desired in specific locations and in certain shapes, such 
as arrays, a high degree of reproducibility and precision is 
necessary. The filtration-produced CNT buckypaper could be 

a b

c d

Figure 2.  Scanning electron microscope images showing the cross section and measured carbon nanotube conductive layer thickness of (a) and 
(b) two solvent casted, (c) filtered, and (d) trilayer electrothermal actuators.
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reduced to the desired shape and size through precise inci-
sions, whereas solvent casting requires an enclosed area for 
solvent evaporation and will not necessarily result in reproduc-
ible samples for the determination of input power to heating. 
The actuation characterizations reveal that the assembly of a 
bilayer ETA can be simplified through the use of filtration-
produced buckypaper.

The most notable improvement in the maximum deflection 
(2.8 mm) was displayed in the trilayer configuration. Com-
pared to the solvent casted bilayer, the increase in deflection 
is caused by the lesser expansion of the bottom layer of PDMS 
drawing the upper layers downward and in tension. As the 
thermal absorption is observed to be the main contributor to 
the heating speed, the increases to the actuation response time 
results from the increased coverage of the CNT heating layer.

ETA application as a soft and flexible surface 
morphing array
To demonstrate the feasibility of utilizing ETAs, a soft and 
flexible surface morphing sheet was created using filtered CNT 
buckypaper as presented in Figure 4a. The size and arrange-
ment of activatable segments are adaptable during fabrication 
by altering the specific location of buckypaper placement. 
The actuator array is shape conformable, which enables it to 
be attached on flat and rounded surfaces—in this case on the 
inner surface of an air duct, as shown in Figure 4b, inspired 
by S-shaped ducts employed on air vehicles with embedded 
engines.43 For this specific application, the shape-morphing 
feature of the ETA array provides for the gradual narrowing of 
the duct inlet, which could be employed to control the air flow 

rate and pressure. Figure 4c shows the integration of the actua-
tor electrodes to supply power for the heating. This actuator 
array sheet is attached to the substrate using adhesives around 
where the surface morphing is desired. The produced PDMS/
CNT actuator array sheet consists of multiple ETA segments 
where locations with the CNT layers are capable of bending 
actuation in both an individual and simultaneous fashion (Fig-
ure 4d). The elastomer and CNT layers are strongly bonded 
and flexible enough such that application is not restricted to 
flat surfaces, as shown in this demonstration. Minimal dif-
ferences in maximum displacement were observed between 
the different ETA orientations along the inner surface (i.e., 
between actuators on the top, bottom, and side surfaces) as 
the buckling stresses that produce the bending deformation 
are expected to be much greater than any effects due to gravity.

It was noted that to produce the well-defined and indepen- 
dent hill shapes as shown, the activatable CNT loaded sec-
tions were separated by 10-mm nonconductive sections. The 
adhesive is applied directly along the center of the noncon-
ductive sections, acting as constraints for the conductive seg-
ments. This resulted in an additional clamped spacing of 1 cm 
when considering the width and unclamped spacing between 
adjacent segments. With these dimensions, each segment was 
able to activate without hindering the adjacent segments. The 
displayed model revealed that the designed actuator array can 
produce surface features on the applied area to alter the overall 
geometry. Characterization of the various design configura-
tions furthered the suitability of employing ETAs as surface 
morphing soft actuators, and the inherent flexibility allows it 
to be applied to a variety of substrates.

a

b

c

d

Figure 3.  Actuation of (a) solvent casted bilayer, (b) filtered bilayer, (c) solvent casted trilayer. All samples have a thickness of 1 mm and clamped 
length of 2.5 cm. (d) Displacement versus temperature for the three samples.
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Conclusion
This article presented the design characteristics and fabrica-
tion of electrothermal actuators as soft and flexible surface 
morphing actuators capable of deforming into specifically 
designed local features. These ETAs were created by either 
solvent casting or vacuum filtering dispersed SWCNTs and 
curing a PDMS elastomer layer on top to generate both a con-
ductive and flexible bilayer with distinct thermal expansion 
rates. The design parameters, such as overall dimensions and 
actuation time, were characterized through fixed-beam bend-
ing configuration tests. The tests revealed that increasing the 
distance between the fixed supports significantly increases 
bending deflection, from 1.7 to 2.3 mm when increased from 2 
to 2.5 cm clamped length. SEM cross-sectional views showed 
the smaller thickness variations in the CNT conductive layer 
when using the filtration method compared to the solvent 
casting method. By utilizing the knowledge of all the design 
parameters, the newly developed trilayer ETA was actuated 
and was found to have 22% increased displacement. In addi-
tion, an array of ETAs was fabricated as single continuous 
sheet, where each segment was individually and simultane-
ously activated to create complex surface features. To dem-
onstrate its potential for aerospace application, a model air 
duct was fabricated with an integrated ETA array attachment 
to showcase the surface morphing ability. The shape and loca-
tion of the actuatable regimes were shown to be adjustable in 

the manufacturing phase to allow specifically designed ETA 
arrays for potential aerodynamic applications in drag control. 
Beyond the described examples, the presented work on ETAs, 
with their fabrication methods and design parameters, suggest 
potential applications for these composites in the areas of soft 
robotic actuators and morphing surfaces.

Materials and methods
Single-walled carbon nanotubes (SWCNTs, TUBALL) 
were obtained from OCSiAl. The technical specifications 
for the SWCNT material were stated as 76 wt% SWCNT 
content, ≤15 wt% metal impurities, and a 1.6 ± 0.4 nm 
outer diameter range. The silicone elastomer chosen was 
a poly(dimethylsiloxane) (PDMS, Sylgard 184, Dow 
Inc.). This was provided as a two-part kit, base polymer 
and curing agent, with a recommended 10:1 curing ratio. 
Stretchable conductive paint, silver conductor (PE873, 
DuPont) was used as electrical contacts.

Fabrication and characterization of PDMS/CNT 
electrothermal actuator
Figure 5a provides a schematic representation of the fab-
rication process of the PDMS/CNT ETA. SWCNTs were 
dispersed in acetone solution at 0.83 mg/mL by ultrasonica-
tion. The ultrasonication settings were 50% amplitude, 4 s 

a b

c d

Figure 4.  (a) Customizable electrothermal actuator (ETA) array sheet with eight activatable segments. (b) Soft and shape con-
formable ETA array in a duct model. (c) Initial state of the ETA array with integrated individual electrodes. (d) Simultaneous activa-
tions of all segments with power on.



826        MRS BULLETIN • VOLUME 48 • AUGUST 2023 • mrs.org/bulletin

SOfT ELEcTrOThErMAL AcTUATOr ArrAy fOr SUrfAcE MOrphinG AppLicATiOn

on, 2 s off pulse duration, for a total of 65 min time while 
also being magnetically stirred. The sonicated SWCNT/ace-
tone solution was poured into a petri dish and left at room 
temperature until the solvent completely evaporated. In a 
separate container, PDMS was hand-mixed at a 10:1 base 
to curing agent ratio and placed in a degassing chamber to 
remove the trapped air bubbles. Subsequently, a controlled 
amount of the mixed PDMS corresponding to the desired 
elastomer thickness was poured on top of the CNT layer 
and heated to 80°C for 2 h to cure. The cured PDMS/CNT 
sample was removed from the dish and cut into rectangular 
pieces of 1 × 3 cm. Thin copper foil sheets were attached as 
electrodes on both ends of the actuator using silver paste to 
ensure electrical connection.

The ETA samples were arranged as displayed in Fig-
ure 5b to observe actuation. The ETA sample was placed 

on a solid nonconductive 
substrate and mechani-
cally clamped on both 
ends with the copper elec-
trodes extending out. The 
electrodes were connected 
to a DC power supply 
by electrical wires that 
would initiate the Joule 
heating process. The cur-
rent passing through the 
conductive layer of the 
ETA would initiate Joule 
heating, causing thermal 
expansion of the elasto-
mer layer. The increase in 
temperature is captured 
by a thermal camera and 
the difference in bending 
height from the initial to 
the activated state of the 
sample is video recorded.

To observe the differ-
ences in performance, the 
SWCNT conductive layer 
was also fabricated using a 
filtration method. SWCNTs 
dispersed in acetone using 
the same ultrasonication 
conditions were filtered 
under vacuum using a filter 
membrane. The filter mem-
brane holding the dispersed 
CNTs was covered, placed 
under weights to prevent 
shrinkage, and dried in an 
oven at 80°C. Once the 
CNT buckypaper was com-
pletely dried, it was cut and 

placed onto a petri dish and mixed PDMS was poured over top. 
Trilayer ETAs were created by partially curing a PDMS layer 
onto the petri dish prior to beginning the original fabrication pro-
cess. This bottom layer of PDMS used half of the amount of the 
expected upper layer to provide directional bias when heating.

Several properties that influence the actuation behavior 
of the ETA were investigated. The ultimate tensile strength 
and elastic modulus were characterized using coupon geom-
etries drawn from ASTM D638 Type IV standards using 
an Instron (5848 MicroTester, Instron). A Keithley 2400 
source meter and a four-point probe were used to measure 
the resistance of the conductive layer. Scanning electron 
microscopy (SEM, JSM-IT100, JOEL Inc.) was utilized on 
the cryo-fractured cross section to observe the variation in 
the conductive layer thickness from the different fabrication 
processes.

a

b

Figure 5.  Schematic of (a) the solvent casting and filtration methods for the electrothermal actuator (ETA) 
fabrication, (b) visual rendering of ETA actuation setup. PDMS (10:1 base to curing agent ratio) is mixed and 
placed in a degassing chamber. The mixed PDMS is poured on top of the carbon nanotube (CNT) layer and 
heated to 80°C for 2 h to cure.
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