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ABSTRACT Many electroactive polymer (EAP) actuators use diverse config-

. . R CNT-PDMS
urations of carbon nanotubes (CNTs) as pliable electrodes to realize discontinuous, fil
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agile movements, for CNTs are conductive and flexible. However, the reported CNT- il actuator

based EAP actuators could only accomplish simple, monotonous actions. Few

actuators were extended to complex devices because efficiently preparing a large- Electrode design
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area (NT electrode was difficult, and complex electrode design has not been
carried out. In this work, we successfully prepared large-area CNT paper

(buckypaper, BP) through an efficient approach. The BP is highly anisotropic,
strong, and suitable as flexible electrodes. By means of artful graphic design and
processing on BP, we fabricated various functional BP electrodes and developed a series of BP—polymer electrothermal actuators (ETAs). The prepared ETAs
can realize various controllable movements, such as large-stain bending (>180°), helical curling (~630°), or even bionic actuations (imitating human-
hand actions). These functional and interesting movements benefit from flexible electrode design and the anisotropy of BP material. Owing to the
advantages of low driving voltage (20—200 V), electrolyte-free and long service life (over 10000 times), we think the ETAs will have great potential

applications in the actuator field.
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s technology develops, new require-

ments are raised for actuators as

bionic robots, flexible lens focusing,
dynamic braille display, etc., which require
discontinuous, agile, and complex actions.
Conventional actuators (combustion en-
gine, electromotor, piezoelectric ceramic)
cannot meet these demands.' So the scien-
tists have been developing new actuators.
The electroactive polymer (EAP) actuators
have gradually become mainstream be-
cause they can achieve large-strain discon-
tinuous actuations driven by electrical field
or current and have the advantages of easy
control and low cost.>~* The EAP actuators
are usually based on flexible electrodes and
polymers, and they can be classified as
several types, such as electronic actuators,
ionic actuators, etc>* The electronic ac-
tuators employ ultrahigh electric fields to
realize electrode interattraction (dielectric
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actuators)*~7 or to make configurations of
the microscopic charged objects (dipoles
and polar molecule chains or groups) chan-
ged or realigned (such as electrostrictive
polymers, ferroelectrive elastomers, and
liquid crystal elastomers).®® The field-driven
actuation mechanism inevitably results in
ultrahigh driving voltage (over 1000 V). The
ionic EAP actuators, by contrast, only need
low voltage (<10 V) to drive ions in the
polymer phase to make certain regions of
the polymer swell or contract, so that the
actuator extends or bends.'®" "3 It is essen-
tial, however, to maintain a “wet” electrolyte
environment. Until now, the ultrahigh driv-
ing voltage and indispensable electrolyte
environment controlled the electronic®®
and ionic EAP actuators.'? '

In recent years, electrothermal actuators
(ETAs) have emerged as an important
branch of EAP actuators because they have
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Figure 1. Preparation of BP and processing on it. (a) Schematic of preparing BP: the continuous CNT sheet was drawn from a
superaligned CNT array and rolled up by two cylindrical steel rollers to make compact BP. (b) Photograph of the as-prepared
BP. (c) Scanning electron microscope image of the as-prepared BP where the CNTs are all well aligned in one direction neatly.
(d) Schematic of graphic design and laser cutting on BP to make a T-shaped conductive band.

low driving voltage and are electrolyte free."*2° The
ETAs are flexible devices based on pliable electrodes
and polymers and can carry out large deformations by
current or light heating.">'® 22 Throughout the litera-
ture, the ETAs are of two types. One is a uniform
conductive composite film that can expand or contract
with a rise or drop in temperature.’®~'” The other type
is a double-layer composite film that is made of a
flexible electrode and polymer with a great difference
in coefficient of thermal expansion (CTE)."®~22 When
current or light heated, the double-layer actuator could
bend to the side that has smaller thermal expansion.

Strong, flexible electrode materials are indispensa-
ble in preparing EAP actuators. Carbon nanotube (CNT)
is one of the best candidates for electrode material
because it is conductive and flexible and has excel-
lent thermal and chemical stability.>>~2” Many EAP
actuators use diverse configurations of CNT as flexi-
ble electrodes to realize discontinuous, agile move-
ments.'%15~2128-32 However, the reported CNT-based
EAP actuators had very simple structures and designs,
e.g., a thread of CNT-polymer composite’ "7 or a strip
consisting of several layers of different materials.'®2°
These actuators could only accomplish simple, mono-
tonous movements which are far from practical ap-
plications. In addition, few actuators have been devel-
oped to complex devices. This is because efficiently
preparing a large-area CNT-based electrode is still a
difficult task, and consequently, complex electrode
designs could not be carried out easily.

In this work, we introduce an efficient approach to
prepare a large-area CNT paper (buckypaper, BP) that is
strong, highly anisotropic, and suitable as a flexible
electrode. Based on this large-area anisotropic BP
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material, we carried out graphic design and efficient
processing to obtain a series of functional flexi-
ble electrodes and developed various CNT—polymer
double-layer ETAs. Under electrical heating, the pre-
pared ETAs can realize multiform controllable move-
ments, such as large-stain bending (>180°), helical
curling (~630°), or even bionic actuation (imitating
human-hand actions). The ETAs also have the advan-
tages of having low driving voltage (20 V — 200 V),
being electrolyte free, and having long service life (over
10000 times).

RESULTS AND DISCUSSION

Preparation of Large-Area BP and Various Well-Designed
ETAs. The large-area BP is made of 1000 layers of CNT
sheets drawn from a superaligned CNT array. In our
laboratory, we have developed a set of mature tech-
nologies to produce superaligned CNT arrays on 8-in.
silicon wafers in large batch which were described
elsewhere.>*73% The continuous CNT sheet drawn from
the CNT array was rolled up by two cylindrical steel
rollers with high speed. We then cut it up and spread it
to form an 18 cm-square compact paper with a thick-
ness of 40—50 um as shown in Figure 1ab. The
prepared BP is conductive, strong, and suitable as
flexible electrode material. Thus, massive and efficient
production of a large-area CNT electrode is technically
feasible. On this large-area paper, carrying out complex
design and fine processing are also viable. In addition,
the CNTs of BP are all well aligned in one direction
neatly, as revealed by the scanning electron micro-
scope image (Figure 1c), so the BP material shows
obvious anisotropic properties. The electrical con-
ductivity along the CNT aligned direction is about
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Figure 2. Actuations of the U-shaped ETAs and the actuation mechanism. (a) Schematic of vertically cut and horizontally cut
U-shaped BP electrodes. (b, c) Actuations of the U-shaped ETAs with vertical and horizontal CNT alignment. The blue arrows
indicate the CNT aligned direction. Insets: original shapes of the ETAs before current heating. (d) Schematic illustration of
electrothermal actuation mechanism for CNT-PDMS double-layer ETA. The middle configuration where the two straight layers
have different lengths does not exist in reality. Instead, the composite film would bend to BP side when electrically heated.

3 x 10°Sm™", which is one magnitude larger than that
perpendicular to the CNT alignment. The density of the
prepared BP is about 0.8 & 0.1 g/cm?>. The fluctuations
in density will have a little influence on the electrical
and thermal conductivity of BP and further the heat
generation and temperature distribution of the ac-
tuator. But these small changes caused by density
fluctuation would not bring significant impact on the
actuation performances of the ETAs.

On the large-area BP, we then carried out complex
graphic design and laser cutting to get functional
patterns of BP bands as electrodes, for example, a
T-shaped band as shown in Figure 1d. After several
processes, the ETA could be made. For detailed infor-
mation, see the Methods and video S1 (Supporting
Information). The prepared ETA is a double-layer
composite film made of BP and heat-resistant poly-
dimethylsiloxane (PDMS).3’ By virtue of artful electrode
design and the superior properties of BP, the as-
prepared ETAs can accomplish interesting multiform
deformations.

U-Shaped ETA: The Simplest ETA and also a Basic Action
Unit. The simplest ETA is a U-shaped actuator. Con-
sidering the anisotropy of BP material, there are two
ways to cut the U-shaped BP electrode, vertically and
horizontally, as shown in Figure 2a. Correspondingly,
the CNT-aligned direction is parallel to the length
direction of the vertically cut U-shaped electrode
and perpendicular to the length direction of the
horizontally cut electrode. The prepared actuators
have two layers, one is the BP layer and the other is
the PDMS layer. Comparing the actuations of the
two ETAs, shown in Figure 2b,c and video S2
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(Supporting Information), we had two observations.
First, the two ETAs bent to the BP sides along the length
direction of the U-shaped electrodes, and the deforma-
tion of the horizontally cut actuator (Figure 2c) was
much larger, where the CNT alignment was perpendi-
cular to the U-shaped BP band. Second, the parts which
generated more heat would show obvious bending in
the two ETAs. These parts also had larger electrical
resistances.

The explanations of the bending are as follows.
When the double-layer composite film is electrically
heated, the fast temperature increase will cause ther-
mal expansion. Since the BP and PDMS materials have
significant difference in CTE,*® *° that is, the a.cnr = 3 X
10~°K'is two magnitudes smaller than oppms = 3.1 X
10~* K", there will be great thermal expansion mis-
match between the two materials, which leads to
obvious bending toward the BP side, as shown in
Figure 2d. The bending angle can be described as
6 =c x 0y7 x AT x (L/d), where a,, is the CTE
difference of the two materials, c is a constant (2 <
¢ < 3), and the film thickness d in the range of 300—500
um is appropriate. The detailed derivation process is
shown in part 1 of the Supporting Information. Strictly
speaking, it is more accurate to use the thickness of the
PDMS layer dppms in the bending angle formula, but
since the BP thickness dgp is in a narrow range (40 um ~
50 um), it can be seen as a constant. The thickness ratio
1 = dppms/dpp is about 7—12, so normally we use the
total thickness d = dppus + dgp in the bending angle
formula. In addition, there is a one-to-one correspon-
dence relationship between total thickness d and
thickness ratio 7, and the two variables are equal in
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Figure 3. (a) Bending angle of the U-shaped ETA varied as a function of time, under different driving voltage (15, 18,and 21 V).
The maximum bending angle increases with the voltage. (b) The temperature change versus time, corresponding to (a). (c, d)
Cyclic actuations and corresponding temperature change of the U-shaped ETA driven by a 25 V square wave.

affecting the bending angles (relevant discussions are
in part 2 of the Supporting Information). Because it is
much easier to measure total thickness than », we
prefer to use d in evaluating performances of the
actuators. Generally, a,; and d are determined. In
order to obtain large bending, we should increase
the temperature AT and the length of the BP electrode
L. Thus, the long BP strip with larger resistance which is
usually perpendicular (or inclined) to the CNT-aligned
direction will have a larger temperature increase and
show obvious bending when electrically heated.
Therefore, in practical applications, we prefer the
horizontally cut U-shaped ETA (shown in Figure 2c)
where the CNT alignment is perpendicular to the
length direction of the U-shaped electrode and it could
bend to 180° when driven by electricity (25 V, 0.17 A).

Figure 3a shows that the maximum bending angles
of the U-shaped ETA (in Figure 2c) varies with different
driving voltages (15, 18 and 21 V). The deformation of the
actuator would get larger when the voltage was higher.
It is also found that, under a certain driving voltage, the
bending speed was the fastest in the first seconds of
turning on the power, and then the actuation slowed
down, and finally, the actuator reached its maximum
bending angle. Figure 3b is the temperature change of
the U-shaped ETA which corresponds to Figure 3a. The
bending speed, or response speed, is mainly deter-
mined by the speed of the temperature change. At first
without current driving, the temperature of the ac-
tuator was equal to the room temperature. Once the
power was turned on, a fast temperature increase
caused a quick response. When the temperature
was higher, the air convection was stronger and
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caused severe heat loss and a slower response speed.
When the heat loss gradually got stronger and finally
was equal to the generated heat, the temperature
stabilized at the highest point, and the actuator also
reached its maximum deformation. On the basis of the
same principle, the temperature drop and the recovery
speed of the actuator were the fastest in the first
seconds of turning off the power and then slowed
down gradually when the temperature got lower.

Parts c and d of Figure 3 show the movement cycles
and corresponding temperature change of the
U-shaped ETA driven by a 25 V square wave. It took
the ETA only 12 s to bend from 0° to 180° and the
recovery process cost about 22 s. Higher driving vol-
tage leads to faster bending motion. Thus, the
CNT—PDMS double-layer ETA has the advantages of
fast response speed in achieving large-strain deforma-
tions compared to other reported ETAs'®?"*" and of
low driving voltage compared to the field-driven EAPs.
In addition, the highest working temperature was
about150 °C, which is much less than250 °C, the
maximum service temperature of PDMS.3” This could
ensure the ETA has a long service life.

The U-shaped actuator is the simplest ETA and also
is the basic action unit. Based on the large-area BP
materials, we could design various complex ETAs by
assembling or integrating the U-shaped units and
realize various functional or interesting actuations.

T-Shaped ETA: Three Different Action Forms. Figure 4a
shows the typical design of a T-shaped ETA which is
a little more complex. There are three different direc-
tions to cut the T-shaped electrode on BP, vertically,
horizontally, and 45° inclined, as shown in Figure 4b.

A NTA KNS
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It is interesting that the three T-shaped actuators
showed different action forms when electrically heated
(24—30V, 0.18—0.25 A), as shown in Figure 4c—e and
video S3 (Supporting Information). We wondered why.
The reason is they have different CNT alignments that
lead to different temperature distributions. Figure 4f
shows the temperature distribution of the vertically cut
ETA in Figure 4c. The two horizontal bars were ob-
viously hotter than other parts, which resulted in large
horizontal bending, whereas the vertical stem hardly
bent. Similarly, for the horizontally cut T-shaped ETA
(Figure 4d), the vertical stem was hotter and bent
obviously. As for the diagonally cut ETA (Figure 4e),
the inclined cutting caused uniform heating and
isotropic bendings. Thus, we conclude that the aniso-
tropy of BP can largely regulate the action forms of the
ETAs. However, the three actuators have common
action rules; that is, obvious deformations appear at
the long BP bands which have larger resistances. In
other words, a large temperature rise and long elec-
trode configuration will lead to obvious bending.
Based on these rules, we can further fabricate various
novel ETAs and realize multiform actuations by virtue
of complex electrode design and the anisotropy of BP.

Performances of the T-Shaped ETAs. The T-shaped ETA is
a typical design of which the performances and key
parameters could be the reference for other complex
ETAs. We take the vertically cut T-shaped actuator
(Figure 4c) as an example.

First is the response speed of the movement which
is mainly influenced by driving current and the thick-
ness of the composite film. It was found that the
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(d) (e)

Figure 4. Actuations of the T-shaped actuators. (a) As-prepared T-shaped actuator before current heating. (b) Three different
ways of processing T-shaped BP electrodes: vertically, horizontally, and diagonally. The blue arrow indicates the CNT-aligned
direction. (c—e) Actuations of the three T-shaped ETAs with different CNT alignment, which correspond to three different
cutting modes on BP electrodes in (b). (f) Schematic of temperature distribution of the vertically cut ETA under current
heating. The temperature is measured by Optris LS infrared thermometer (temperature resolution: 0.1 K; spatial resolution:
1 mm). The strips with larger resistances are much hotter than other parts, which results in obvious horizontal bending.

response time decreased with driving current and
increased with the film thickness, which corresponded
to the thermal capacity, as shown in Figure 5a,b.
Evidently, the driving current and film thickness deter-
mine the temperature rise and drop rate and further
determine the response speed. Generally, it takes a
300-um-thick actuator 10 s to accomplish 180° bend-
ing motion driven by the current of 0.12 A.

Second, the maximum bending angle was deter-
mined as a function of driving current, and the relation-
ship was approximately linear from 0.03 to 0.15 A, as
shown in Figure 5c. The maximum bending angle
means the largest deformations that an actuator could
achieve under the driving of a certain size of voltage or
current. Like the motions of the U-shaped ETA de-
scribed in Figure 3a, the T-shaped ETA bent quickly
when the power was turned on, and then the bending
speed gradually slowed down. Finally, the bending
deformation stopped at a certain angle (maximum
angle). At that moment, if we turned up the driving
voltage slightly, the maximum bending angle would
get a little larger. Thus, the precise control of the
bending angle is feasible in a wide range, from
—100° to +190°, by means of fine-tuning of the driving
voltage or current. If the thermal radiation does not
play a role in thermal dissipation, the maximum bend-
ing angle (or the temperature rise) should be propor-
tional to the square of current (i.e., Joule heating), but
when the ETAs get hotter, the thermal radiation will
cause the temperature increase to be obviously lower
than that without radiation and make the relationship
between 6 and [ highly nonlinear. Therefore, the
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Figure 5. Performances and key parameters of the vertically cut T-shaped ETA. (a) Actuation time of achieving 180° bending
as a function of driving current. (b) Actuation time of achieving 90° bending as a function of the thickness of the composite
film under a certain current (0.13 A) driving. (c) The maximum bending angle varies with driving current. The three insets
correspond to O i, B0, and O,y respectively. (d) The maximum working temperature as a function of driving current. Inset:
the red circle indicates the temperature measuring area. The thickness of the ETA is 305 xm in (a), (c), and (d).

approximate linear relationship between 6 and I is just
an empirical result, not theoretical. A detailed discus-
sion is included in part 3 of the Supporting Information.
Third, it was also found that the working tem-
perature increased with driving current, as shown in
Figure 5d. The normal working temperature of the ETA
was below 150 °C, which was much less than the
maximum service temperature of PDMS 250 °C. This
could ensure long service life of the ETAs. Over 10000
action cycles have been verified for the T-shaped ETA.
A finite element analysis (FEA) was carried out to
simulate the actuations and temperature distributions
of the T-shaped ETA through commercial FEA software
ABAQUS. The simulation results (shown in Figure 6a)
were also used for comparison with the experimental
results. Figure 6b is the initial state of the T-shaped
ETA, which is flat and was prepared under the 80 °C
conditions. When the ETA was brought out from the
vacuum drying oven and cooled to 25 °C, it would
show obvious reverse bending (toward PDMS side), as
shown in Figure 6c. Parts d—i of Figure 6 show the
bending states and temperature distributions of the
ETA, which was heated by different values of current.
The corresponding bending angles are also marked in
Figure 6a (red solid circles) and compared to the
experimental data (cited from Figure 5c). We can see
these two sets of results match well. The simulation
details can be seen in the Supporting Information.
Fourth, the driving voltages of all ETAs are usu-
ally below 200 V, and the driving currents are less than
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0.3 A. Thus, the ETAs are easy to drive and operate by
common voltage-output equipment. Fifth, the output
force of the U-shaped action unit is generally three
times of its own weight (~0.25 g), so the as-prepared
ETAs can lift certain things, such as foamed plastic balls.
The maximum energy efficiency of the ETA is about
0.003%, for much Joule heating dissipates into the
environment. On the whole, the above performances
and key parameters make the ETAs competent for
practical applications.

Until now, the design methods, actuation rules, and
performance of the U-shaped and T-shaped ETAs have
been clear. On these bases, we can carry out complex
electrode designs on large-area BP and fabricate func-
tional or interesting ETAs. Next are several application
examples.

Complex Design: Z-Shaped ETA, an Interesting Application.
The Z-shaped actuator is much more complex (inset in
Figure 7a). The electrode was well designed to form a
zigzag series circuit, and the diagonal bands inclined to
the CNT alignment (indicated by the blue arrow) at an
angle of 45°. When electrically heated (160 V, 0.3 A), the
actuator helically curled up, reached the maximum
angle of 630° and then unfolded when the power
was off, as shown in Figure 7a and video S4 (Supporting
Information). The diagonal BP bands with larger resis-
tances bent obviously which once again proved the
actuation rules. The highly anisotropic property of BP
material plays an important role in the complex and
functional design of the actuators. If the Z-shaped ETA
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Figure 6. FEA simulations on the bending states of the T-shaped actuator. (a) FEA simulations of bending angle vs driving
current (red solid circles) were compared to the experiment data (cited from Figure 5c). (b) State just after the actuator was
prepared in 80 °C. The actuator was flat (Initial state). (c) Actuator was cooled down to 25 °C (ambient temperature) and bent
toward PDMS side without current driving. (d—i) The bending states of the actuator which was heated by a certain current
(0.03, 0.06, 0.08,0.10, 0.12, 0.135 A, respectively). NT11 means “nodal temperature at nodes”; the field output in color shows

the temperature distribution of the actuator.

was based on an isotropic electrode material, it could
not realize the actuation of helical curling. In that case,
all of the bands would bend, and there would not
be selective bending. Thus, it is concluded that the
anisotropy of BP can influence the action form signifi-
cantly and the anisotropy is the most outstanding
property of the BP material.

Bionic Design: Hand-Shaped Actuators. Another interest-
ing design is the hand-shaped actuator shown in
Figure 7b. The BP electrode was designed as the shape
of a human hand. It is a series circuit. The CNT-aligned
direction is perpendicular to the forefinger. The thumb
inclines to the forefinger at an angle of 30°. When
electrically heated (200 V, 0.23 A), the five fingers all
bent inward and then unfolded when power was off,
as shown in Figure 7c and video S5 (Supporting
Information). Figure 7d shows the bending angles of
the five fingers vary as a function of time. It took the
five fingers 12 s to achieve the maximum angles (the
four parallel fingers can bend more than 180°, the
thumb can bend to 120°), and then it took the fingers
28 s to restore their original shapes. The whole move-
ment vividly imitated the grabbing and spreading
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actions of a man's hand without the help of any
mechanical devices.

Furthermore, we also designed and fabricated a
more complex hand-shaped actuator which realized
separate movements of the five fingers controlled
by five independent circuits. Each finger could move
separately (Figure 8a—c), so the actuator could perform
various gestures as shown in Figure 8d—f and video S6
(Supporting Information).

The artful electrode design and the anisotropy of BP
both played significant roles in preparing complex
ETAs and in realizing novel, functional actuations. This
interesting work is also based on the efficient prepa-
ration of large-area BP electrodes and convenient
processing.

In addition to the CNT-based ETA, there is another
class of bimorph ETAs based on graphene.*> ** Gra-
phene has intrinsic negative CTE (~—107%),* and it
could be used for making bimorph microactuator.**3
Some graphene oxide or spongy graphene paper
has much larger negative CTE value (~—10%),%647
so the graphene—polymer bilayer ETAs could accom-
plish large-stain bending under a smaller temperature
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Figure 8. Actuations of the improved hand-shaped ETA. (a—c) Independent control of forefinger, middle finger, and ring

finger. (d—f) Various gestures that the ETA could make.

rise compared to the CNT—polymer ETAs.** How-
ever, the CNT-based actuator has its own advantages:
(i) the CNT electrode could be prepared efficiently
through dry methods and in very large area; (ii) the
electrode made of aligned CNTs will show highly
anisotropic properties; and (iii) the large-area CNT
electrode could be designed and processed to func-
tional patterns for multiform actuations. Thus, the CNT-
and graphene-based ETAs have their own advantages
and could complement each other well in practical
applications.

LI ET AL.

CONCLUSIONS

In summary, we have developed new ETAs which
can realize multiform actions or bionic actuations
based on large-area CNT-based electrodes. Owing to
the significant thermal expansion difference between
BP and PDMS, the ETAs can achieve large-strain defor-
mations. By virtue of novel design and fine processing
on the anisotropic BP electrode, the ETAs can realize
various functional movements according to demand.
The ETAs are low-voltage driven and electrolyte free.
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In addition, the mass production of large-area
BP electrodes and efficient processing are also fea-
sible. Therefore, the ETAs can be flexibly designed

METHODS

Graphic Design and Laser Cutting on BP. Graphics software has
been employed to design functional patterns, for example, a
T-shaped band. The pattern information was transferred to the
control unit of laser control equipment, and the laser cutting
was carried out on the as-prepared BP to get this conductive
band, shown in Figure 1d. The graphic design of electrodes is
very flexible, and the laser cutting process is also efficient and of
high precision (0.2 mm). Thus, various complex BP electrodes
can be fabricated easily, and the corresponding prepared ETAs
can realize various interesting deformations or actuations.

Preparation of BP—PDMS Double-Layer ETA. The as-prepared BP
band (40—50 um thick) was spread on a flat polystyrene (PS)
board. A small amount of silver colloid was dropped on the ends
of the conductive band, and two copper sheets were stuck on
them. Next, the dimethylsiloxane (DMS) mixture (SG3010 compo-
nent A and B, 1:1 by weight, from Beijing Hangtongzhou Technol-
ogy Co, Ltd.) was poured on the whole device. It was then putin a
vacuum drying oven, heated to 80 °C, and maintained for 4 h.
After DMS solidified, the whole composite film could peeled off
completely from the PS board, and finally the CNT-PDMS ETA was
cut out along the outline of BP pattern. The above process is
demonstrated in video S1 (Supporting Information). The
as-prepared ETA is a double-layer composite film, about 300—
500 um thick. The film thickness can be regulated by adjusting the
DMS consumption in the preparation process.
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