Electromechanical Actuator with
Controllable Motion, Fast Response
Rate, and High-Frequency Resonance
Based on Graphene and Polydiacetylene

Jiajie Liang,” Lu Huang," Na Li," Yi Huang,™” Yingpeng Wu," Shaoli Fang,* Jiyoung Oh,* Mikhail Kozlov,*
Yanfeng Ma," Feifei Li," Ray Baughman,* and Yongsheng Chen™*

"Key Laboratory of Functional Polymer Materials and Centre for Nanoscale Science and Technology, Institute of Polymer Chemistry, College of Chemistry,
Nankai University, 300071, Tianjin, China and *Alan G. MacDiarmid NanoTech Institute, University of Texas at Dallas, Richardson, Texas 75083, United States

directly convert electrical energy to
mechanical energy through a material
mechanical response, have been continu-
ing to grab considerable attention for a
variety of practical applications and techno-
logical uses, including sensitive switches,
artificial muscle, microrobotics, optical dis-
play, prosthetic devices, and even micro-
scopic pumps.'® In most cases, ferroelectric
ceramics, electroactive polymers (EAPs), and
conventional conjugated conducting poly-
mers (CPs) have been investigated and
widely utilized as actuator materials owing
to their direct energy conversion. These tra-
ditional electromechanical actuator materi-
als excel in some actuation performance,
such as high energy density for ferroelectric
ceramics,”® large actuation strain for EPAs,>*'°
and low activated voltages for conjugated
CPs."*""12 Nevertheless, they may still be
unsatisfactory in other areas, i.e.,, small ac-
tuation strain for ferroelectric ceramics, high
driving voltages for EPAs, limiting cycle life,
and response rate for conjugated CPs. To
date, these drawbacks still pose significant
hurdles for many practical applications of
conventional electromechanical actuators.
Diacetylene and its polymer polydiacety-
lene (PDA, Scheme S1) compose a very
special class of molecular materials with
interesting electrical and optical properties.
PDA has been extensively investigated as a
chromatic sensor material owing to its inter-
esting blue-to-red color change (namely,
“blue” phase to “red” phase transition),
which can be actuated electrically, ther-
mally, optically, chemically, and mechani-
cally.”*=" In particular, when environ-
mental stimuli are applied to the “blue”
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ABSTRACT Although widely investigated, novel
electromechanical actuators with high overall actua-
tion performance are still in urgent need for various
practical and scientific applications, such as robots,
prosthetic devices, sensor switches, and sonar pro-
jectors. In this work, combining the properties of unique environmental perturbations-actuated
deformational isomerization of polydiacetylene (PDA) and the outstanding intrinsic features of
graphene together for the first time, we design and fabricate an electromechanical bimorph actuator
composed of a layer of PDA crystal and a layer of flexible graphene paper through a simple yet
versatile solution approach. Under low applied direct current (dc), the graphene—PDA bimorph
actuator with strong mechanical strength can generate large actuation motion (curvature is about
037 cm™ " under a current density of 0.74 A/mm?) and produce high actuation stress (more than 160
MPa/g under an applied dc of only 0.29 A/mm®). When applying altemating current (ac), this actuator
can display reversible swing behavior with long cyde life under high frequencies even up to 200 Hz;
significantly, while the frequency and the value of applied ac and the state of the actuators reach an
appropriate value, the graphene—PDA actuator can produce a strong resonance and the swing
amplitude will jump to a peak value. Moreover, this stable graphene—PDA actuator also
demonstrates rapidly and partially reversible electrochromatic phenomenon when applying an ac.
Two mechanisms—the dominant one, electric-induced deformation, and a secondary one, thermal-
induced expansion of PDA—are proposed to contribute to these interesting actuation performances
of the graphene— PDA actuators. On the basis of these results, a mini-robot with controllable direction
of motion based on the graphene—PDA actuator is designed to illustrate the great potential of our
discoveries for practical use. Combining the unique actuation mechanism and many outstanding
properties of graphene and PDA, this novel kind of graphene—PDA actuator exhibits compelling
advantages to traditional electromechanical actuation technology and may provide a new avenue for
actuation applications.

KEYWORDS: electromechanical actuator - graphene - polydiacetylene -
resonance - electrochromatic
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an absorption peak in the range of approximate
540 nm)."* "6 This deformational isomerization of the
side groups is the scientific foundation for the new
generation of mechanical actuators exploiting PDA
materials. Ikehara and co-workers'® first reported that
the anisotropic thermal strain of a bulk PDA crystal
induced via a heat cycle could be measured from
macroscopic changes in the sample dimensions. This
attractive deformation was supposed to be used for
mechanical actuation. Subsequently, Ikehara proposed
a new optically driven actuator, which utilized the
photoactive nature of PDA material that exhibited
photoinduced phase transitions.'® Recently, by incor-
poration of carbon nanotube (CNT) fibers as a matrix to
make PDA—CNT nanocomposite fibers, Peng and co-
workers reported the first change of “blue” phase to
“red” phase for PDA, actuated through an electric
current.?® These pioneering works'®2° indicate that
PDA has great potential to be used for various actua-
tion applications, which can be triggered via different
stimuli including electrical energy. Unfortunately, de-
spite these early successes, the shortcomings of poor
processability and difficulty of forming standalone bulk
film materials using pure PDA are severely handicap-
ping its practical use in the field of actuation. There-
fore, effective approaches that can overcome the
intrinsic drawbacks of PDA and bring PDA's actua-
tion characteristics into full play are highly needed to
construct high-performance PDA-based electrome-
chanical actuators.

The new electromechanical actuator we describe
here is a bimorph actuator that is composed of a layer
of PDA crystal and a layer of flexible graphene paper.
Graphene, a one atom thick and two-dimensional (2D)
single layer, has attracted enormous attention in the
field of material science due to its intrinsic prominent
electrical, thermal, and mechanical properties and
unusual structural features,?' 2> which may rival or
even surpass both single-walled and multiwalled car-
bon nanotubes. These excellent and unique properties
make this highly versatile carbon material extraordina-
rily promising in many potential applications.?®~3°
Particularly, the graphene-based paper-like materials
prepared through a simple solution process not only
can preserve the superb mechanical, electrical, and
thermal properties of graphene at a great degree but
also exhibit low weight and excellent flexibility,?%3'32
which are highly demanded properties for a range of
scientific frontiers or multifunctional applications,?®>'>2
such as high-performance actuators.>* 38 For instance,
Park et al. prepared a graphene oxide/carbon nano-
tube bilayer paper that revealed a curling actuation
behavior depending on humidity and/ozr tempera-
ture.3” Recently, Xie et al., Rogers et al., and our recent
work also demonstrated the electrochemical actuation
of graphene-based paper with an actuation mecha-
nism dominated by quantum chemical expansion due
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to electrochemical double-layer charging.3*3>3% Im-

portantly, Zhu et al. developed an electromechanically
driven microactuator based on a graphene-on-epoxy
film hybrid bimorph, and an intriguing large displace-
ment with rapid response was observed for this micro-
actuator at low input power.*® These pioneering works
indicate that graphene has great potential to be
applied in high-performance actuators, especially elec-
tromechanical actuators, which are still exceptional in
meeting the high demand of practical and scientific
use. Herein, exploiting the synergism between unique
PDA materials and flexible graphene paper, we report
for the first time an electromechanical graphene—PDA
bimorph actuator with excellent performance. When
applying only a low direct current (dc) or current
density, the flexible graphene—PDA actuator can per-
form large and controllable actuation bending motion
(curvature reach about 037 cm™' under a current
density of 0.74 A/mm?) and is able to generate higher
actuation stress than natural muscles (more than
160 MPa/g under an applied dc of only 0.29 A/mm?).
Moreover, this stable actuator also demonstrates a
rapidly and partially reversible electrochromatic phe-
nomenon when applying an alternating current (ac). Of
great significance is that when applying ac, this actua-
tor, which has an ultrafast response rate, can display
reversible and reliable swing behavior with high fre-
quencies (even up to 200 Hz); while reaching appro-
priate conditions, the actuator is able to produce
intriguing resonance phenomena. It is proposed that
this novel and striking actuation performanceis a result
of the effective combination of the remarkable features
of graphene and an electric-induced as well as thermal-
induced expansion mechanism of the PDA crystal. On
this basis, a graphene—PDA actuator-based mini-robot
with controllable direction of movement is designed
to illustrate the great potential of our discoveries in
practical use.

RESULT AND DISCUSSION

Structure Characterization of Graphene— PDA Bimorph Actuator.
Free-standing and shiny black graphene papers, as
depicted in Figure S1(a), are readily fabricated through
vacuum filtering of the homogeneous graphene solu-
tion, followed by 400 °C annealing according to pre-
vious works>'3%39 As already widely explored, this
free-standing graphene paper possessed with excel-
lent flexibility, high conductivity, and good mechanical
strength.”"*® For example, it has been reported that
the electrical conductivity and mechanical strength
can reach as high as 100 S/cm and 100 MPa orders of
magnitude.' In addition, graphene paper keeps its
high flexibility, and no visible breakage or decreasing
performance was observed for the graphene paper
after more than hundreds of bending cycles with
bending to angles larger than 90°.3 More importantly,
the unique large-scale two-dimension structure of
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Figure 1. (a) Top-view SEM image of pure graphene paper. (b) Top-view SEM image of PDA crystal layer on the
graphene—PDA paper. (c) XRD pattern of PDA crystal layer on the graphene—PDA paper. (d) Current—voltage (/I—V) curve
of the graphene—PDA bimorph actuator. The correlation factor R of the linear line is 0.995.

graphene also gives the graphene paper a relatively
smooth surface (Figure 1a), which is difficult to achieve
by one-dimensional carbon nanotubes and zero-di-
mensional nanoparticles. These combined outstand-
ing features thus made graphene paper an excellent
choice for fabricating overall high-performance actu-
ators."® A representative side-view SEM image of the
cross-section of a graphene paper is exhibited in Figure
S1(b); a well-packed layered structure can be clearly
seen, and the thickness of the graphene paper is about
10 um. Making use of this graphene paper as a matrix, a
graphene—PDA bimorph actuator was fabricated by
directly coating a tetrahydrofuran solution of 10,12-
pentacosadiynoic acid monomer (one of the most
commonly used diacetylene precursors for PDA) on
one side of the graphene paper, followed by photo-
polymerization under 254 nm UV radiation (see Meth-
ods for details). It is interesting to note that the PDA
side of the bimorph paper is dark blue, which is visible
to the unaided eye (Figure S1(c)) and can be character-
ized by a UV—vis spectrum measured using solid
reflection UV directly, as will be discussed in detail
below. As shown in Figure 1b, SEM analyses from the
top view of the PDA side for the graphene—PDA
bimorph paper reveal that a well-ordered striped
structure of PDA in long-range order can be clearly
found on the surface of the graphene paper. In addi-
tion, the XRD pattern (Figure 1c) also depicts that the
PDA layer on the surface of the graphene paper shows
a lamellar crystal structure with a (001) diffraction peak
at about 4.3 nm and a (003) diffraction peak at around
1.5 nm.*® Hence, the PDA layer adhered on the surface
of graphene paper possesses a crystalline structure.*
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The structures of the PDA crystal and graphene—PDA
bimorph paper are also characterized by FT-IR and
Raman spectra, as shown in Figures S2 and S3. More-
over, the graphene—PDA actuator exhibits a good
conductivity of about 3000—5000 S/m. While the con-
ductivity of pure PDA is estimated to be lower than
10™* S/m,*" the high conductivity of the actuator
mainly arises from the graphene paper. Figure 1d
further displays the current—voltage (/I—V) curve of
the graphene—PDA actuator. The linear line of the
data with a correlation factor R of about 0.995 indicates
an ideal ohmic behavior of our actuator.*?

Actuation Performance of Graphene—PDA Bimorph Actuator
When Passing dc. For the sake of investigating the actua-
tion performance of the graphene—PDA actuator, a
homemade experimental setup was designed and is
demonstrated in Figure 2. As can be seen in the
schematic illustration (Figure 2a), one end of the
graphene—PDA actuator was fixed to an electrode of
Cu wire; the other end of the actuator was connected
with a conductive wire using a flexible CNT fiber.
Accordingly, when the graphene—PDA actuator was
exposed to dc, the end connected to the Cu wire was
fixed and cannot move; in contrast, the end connected
with the flexible CNT fiber can move freely and the
actuator would bend to the side of the graphene paper
(Figure 2b and Scheme S4 (see Supporting Information)).
We have also tried other materials such as Au wire for
the flexible conductive wire connected to the free end,
but the point is to get both high conductivity and
flexibility to obtain the intrinsic performance of the
actuator accurately. Thus, due to the high flexibility,
high conductivity, and light weight, the CNT fiber gave
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Figure 2. Schematic illustration of the bending actuation
for the graphene—PDA actuator without (a) and with (b) an
applied dc. Optical photos of the bending actuation for the
graphene—PDA bimorph actuator (10 mm x 2.7 mm x 10
um) without (c) and with (d) an applied dc of 20 mA (current
density about 0.74 A/mm?). The unit of the ruler is 1 mm.
Optical microscope photos of the movable end of the
graphene—PDA actuator without (e) and with (f) an applied
dc of 7.5 mA (current density about 0.28 A/mm?). The
bending actuation is highly reversible. (g) Applied dc den-
sity dependence of the maximum curvature for the graphe-
ne—PDA bimorph actuator (10 mm x 2.7 mm x 10 um). The
curvature—current curve can be divided into three regions
(region I, region Il, and region ).

the best results. Figure 2c and d show optical photos of
the graphene—PDA actuator without and with an
applied dc. As displayed in Figure 2d, the graphe-
ne—PDA bimorph paper is actuated and the free end
of the actuator bends to the graphene side under an
applied dc. When the applied dc is only about 20 mA
(density about 0.74 A/mm?), the displacement and
curvature achieved by the graphene—PDA actuator
(length by width =10 mm by 2.7 mm) are as large as 1.8
mm and 0.37 cm ™", respectively, as shown in Figure 2d.
An optical microscope coupled with a CCD camera is
used to record and characterize this actuation move-
ment of the graphene—PDA actuator, as demonstrated
in Figure 2e and f. As noted in Figure 2g, the curvature
of the graphene—PDA actuator is increased by increas-
ing the value of the current density, which will be
further discussed below.

The electric-induced stress of a series of three
graphene—PDA actuators with different loadings of
PDA (11.1 wt % for graphene—PDA-1, 20.0 wt % for
graphene—PDA-2, and 33.3 wt % for graphene—PDA-3
paper, as shown in Table 1) is investigated, and the
results are depicted in Figure 3. An experimental setup,
as demonstrated in Figure S4, was designed and
utilized to measure the generated stress for the actua-
tors. The graphene—PDA actuator was fixed at one end
to an adjustable inching lab jack and connected at the
opposite end to the pan of a precision balance, as
detailed in the Methods. The dimensions of the gra-
phene—PDA actuator chosen in this measurement
of electric-induced stress are about 25 mm x 4 mm
(length x width) with a thickness of 10—13 um, which

TABLE 1. PDA Contents of a Series of Graphene—PDA Bimorph Actuators

25 mm x 4 mm

sample graphene—PDA-1

contents of PDA (wt %) 11.1 20.0 333

(a) 210.0Kk { |—=—Graphene-PDA-1
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10 mm x 2.7 mm
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Figure 3. (a) Current density vs the generated stress for three graphene—PDA actuators with different loadings of PDA (11.1
wt % for graphene—PDA-1, 20.0 wt % for graphene—PDA-2, and 33.3 wt % for graphene—PDA-3); the dimensions of these
three samples are about 25 mm x 4 mm (length x width), with a thickness of around 10—13 um (see Table 1). (b) Specific
normalized stress generated by three graphene—PDA actuators (graphene—PDA-1, graphene—PDA-2, and graphene—PDA-3
actuators) at an applied dc density of 0.29 A/mm? (the applied current is about 11.5 mA).
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Figure 4. (a) Current density dependence of the maximum actuation curvature for four graphene—PDA actuators with
different contents of PDA (9.1 wt % for graphene—PDA-4, 16.7 wt % for graphene—PDA-5, 28.6 wt % for graphene—PDA-6,
and 37.5 wt % for graphene—PDA-7 actuators) under 0.1 Hz ac; the dimensions of these four samples are about 10 mm x 2.7
mm (length x width) with a thickness of around 10—13 um (see Table 1). (b) Maximum actuation curvature of the
graphene—PDA-7 actuator as a function of frequency for a series of applied sine wave currents. (c) Curvature vibration of
the graphene—PDA-7 actuator with a 0.1 Hz sine wave alternating current of +=11.5 mA (ac density about +0.43 A/mm?). (d)
Cycle life testing of the graphene—PDA-7 actuator with a 0.1 Hz sine wave alternating current of +11.5 mA (ac density about
+0.43 A/mm?) for 5000 cycles. The experimental setup is the same as displayed in Figure 2a.

is selected to match our homemade experimental
setup for convenient measurement. Before carrying
out the actuation stress measurement for all actuator
samples, the inching lab jack was tuned to preload a
force of about 0.0196 N on the graphene—PDA actua-
tor to make sure that the papers were vertical to the
horizontal plane of the balance. The electric-induced
stress is performed utilizing dc, and the obtained force
is normalized by the thickness of the graphene—PDA
actuator, as shown in Figure 3a. The generated stress is
increased with an increase of the applied dc density as
well as the loadings of PDA in the actuators. Moreover,
the generated stress up to about 0.2 MPa is achieved
for the graphene—PDA-3 actuator under an applied dc
density of 0.29 A/mm?. In principal, if applying a higher
dc (ie., larger than 0.74 A/mm? dc density for graphe-
ne—PDA-3) or coating with more PDA, the generated
stress for the graphene—PDA bimorph actuator (with
mass only about 1—2 mg) should be larger than the
peak capacity of human skeletal muscle (~0.4 MPa).!
Remarkably, the generated specific stress (normalized
by the mass of the total actuator samples) for graphene—
PDA-3 paper can reach more than 160 MPa/g under an
applied dc of only 0.29 A/mm? (as displayed in Figure 3b),
which is larger than the tensile strength of many kinds of
traditional engineering polymer materials.

Actuation Performance of Graphene— PDA Bimorph Actuator When
Applying Low-Frequency ac. When applying low-frequency ac,

LIANG ET AL.

the graphene—PDA actuators can be triggered and
exhibit rapid and reversible swing motion, as demon-
strated in Figure 4 (supplementary movie 1, see Sup-
porting Information). The experimental setup is the
same as displayed in Figure 2a. A series of four samples
with different loadings of PDA (9.1 wt % for graphene—
PDA-4, 16.7 wt % for graphene—PDA-5, 28.6 wt % for
graphene—PDA-6, and 37.5 wt % for graphene—PDA-7
actuators, as shown in Table 1) are prepared for com-
parison and investigation, and the dimensions of the
actuators are approximate 10 mm x 2.7 mm (length x
width) with a thickness of 10—13 um. The dimensional
sizes of the graphene—PDA actuators were selected to
match the experimental setup for convenient mea-
surement, as shown in Figure 2. The 0.1 Hz ac density
dependence of the maximum actuation curvature for
the four graphene—PDA actuators is first tested as
displayed in Figure 4a. Note that the maximum actua-
tion curvature for all four samples is enhanced nearly
linearly with the increase of input ac density; in addi-
tion, higher loadings of PDA induce better actuation
performance (Figure 4a). Furthermore, it can be clearly
seen in Figure 4b that the maximum curvature or
maximum displacement decreases with an increase
of the ac driving frequency: large curvature can be
observed at low frequency, and small curvature occurs
under relatively high frequency.**** This phenom-
enon may be attributed to the relatively slow rate of
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conformational changes of PDA. While charging at dc
or low-frequency ac, PDA could have enough time to
achieve its maximum conformational changes; how-
ever, when applying high-frequency ac, the rate of
conformational changes of PDA may lag behind the
charging rate, resulting in insufficient deformational
isomerization of PDA. Therefore, the electromechanical
actuation motion of our graphene—PDA bimorph ac-
tuators can be easily controlled through tuning the
loadings of PDA, the values of applied ac (or ac density),
and the frequencies of applied ac. Additionally, the
frequency of the actuator swing (Figure 4c), consistent
with the spectrum change of PDA (Figure 7e and f, as
will be discussed below), is twice the frequencies of the
applied ac wave, indicating the response rate of our
graphene—PDA actuators is rather fast and the bend-
ing behavior is irrelevant to the current direction.**
Furthermore, the reliability and repeatability of the
swing actuation performance for the actuator were
also investigated. As demonstrated in Figure 4d, the
graphene—PDA-7 actuator was tested for more than
5000 swing cycles with 0.1 Hz sine wave ac of +11.5 mA
(ac density about £0.43 A/mm?) continually, and no
downgraded actuation performance was observed.
Similar results are also obtained for other graphe-
ne—PDA actuators with different loadings of PDA.
These results indicate that our graphene—PDA actua-
tors are quite reversible and have long life cycles,
which may be due to the excellent flexibility and
mechanical strength of the graphene paper.

Actuation Performance of Graphene—PDA Bimorph Actuator
When Applying High-Frequency ac. Importantly, this oscilla-
tion phenomenon can still be observed through an
optical microscope even on applying high-frequency
ac (supplementary movies 2 and 3; see Supporting
Information). Moreover, when the frequency of the
applied ac reaches an appropriate value, the graphe-
ne—PDA actuator can produce a strong resonance and
the swing amplitude will jump to a peak value. As
displayed in Figure 5a, while the frequency of applied
ac (£0.58 A/mm? ac density) increases to 17 Hz, the
graphene—PDA actuator with dimensions of about 9.0
mm x 1.2 mm (length x width) can produce reso-
nance, and the tip displacement jumps to a striking
peak value of about 4.8 mm under resonance fre-
quency (Figure 5a, also can be seen in supplementary
movies 2 and 3, Supporting Information). This tip
placement under high frequency was measured by a
high-speed camera (Casio EX-ZR100). Furthermore, it is
worth noting that through controlling the dimensions
of the graphene—PDA actuators and the value of the ac
input, the resonance frequencies can be readily con-
trolled, as depicted in Figure 5b. For instance, at a fixed
size of the dimensions of the graphene—PDA actuator,
the resonance frequency increases as the value of
ac input decreases; at a fixed value of input ac, the
graphene—PDA actuator with larger dimensions produces
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Figure 5. (a) Frequency of applied ac dependence of the tip
displacement for the graphene—PDA actuators (dimensions
are about 9.0 mm x 1.2 mm (length x width)) when
applying a +0.57 A/mm? ac density. Inset pictures: the
movement of the tip measured by high-speed camera. (b)
ac density dependence of the resonance frequency for
graphene—PDA-7 actuators with three different dimensions
(length x width): 8.0 mm x 2.7 mm (sample 1), 10.0 mm x
2.7 mm (sample 2), 13.5 mm x 2.7 mm (sample 3). The
experimental setup is the same as displayed in Figure 2a.

resonance at lower frequency, and at a fixed frequency
of the ac, the graphene—PDA actuator with larger
dimensions can generate resonance below the lower
value of the ac.

Mechanical resonance is the tendency of a physical
system to absorb more energy and oscillate with larger
amplitude when the frequency of the applied external
stimulating forces matches the physical system's in-
trinsic resonant frequency of vibration than it does at
other frequencies. Generally, for a given system, its
intrinsic natural resonant frequency is also fixed, de-
pending on only the system's intrinsic properties, such
as the system's material, shape, size, and mechanical
properties. Accordingly, when other factors are fixed,
the physical system with larger size should have a
lower natural frequency (namely, lower resonance
frequency), which is consistent with the results shown
in Figure 5b for graphene—PDA actuators. For our
systems, as shown in Figure 2c and Figure 4a, due
to the bimorph nature of graphene—PDA bimorph
actuators, with different currents applied, perturba-
tions (thermal and electric) on the PDA crystal layer
(and probably the graphene layer too) would be
different, leading to different actuation/bending cur-
vature under different applied current density and thus
different intrinsic resonant frequency. This indicates
that the system's intrinsic parameters can be changed,
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Figure 6. Design of a controllable mini-robot based on a
graphene—PDA actuator. (a) lllustration of the structure of a
controllable graphene—PDA actuator-based robot. The bi-
morph actuator consists of two parts with different dimen-
sions. The large part is about 18 mm?, and the small part is
around 8 mm?2. (b) Optical image of a graphene—PDA
actuator-based robot. (c) Optical image of a graphene—PDA
actuator-based robot under +20 mA ac with 50 Hz fre-
quency; the robot is moving back from right to left. (d)
Optical image of a graphene—PDA actuator-based robot
under =16 mA ac with 50 Hz frequency; the robot is moving
from left to right.

different from the purely mechanical systems. As a
result, for a given graphene—PDA actuator with differ-
ent current density applied, distinct intrinsic resonant
frequencies should occur with different currents ap-
plied. This should be the reason that the graphene—
PDA actuator at a fixed size can exhibit different
resonance frequencies when applying different ac
densities (Figure 5b).

These intriguing and unique results may provide a
basis for the design of various important and frontier
actuator-based applications. Accordingly, an archety-
pal mini-robot with controllable direction of move-
ment based on a graphene—PDA actuator is designed
and constructed to illustrate the potential applications
of this impressive actuator. The mini-robots could be
fabricated through a graphene—PDA bimorph paper
with asymmetrical (front-end) shapes. As an example,
Figure 6 demonstrates such a mini-robot consisting of
two component parts with different dimensions: the
large side is about 18 mm?, and the small side is around
8 mm? (Figure 6a and b). Both of the ends of the
graphene—PDA actuators are connected with a flexible
CNT fiber as the conductive wire. Interestingly, if fixing
the frequency of the input ac, the moving direction of
this mini-robot is able to be controlled through tuning
the value of the input ac. For example, when applying
an ac of +£20 mA with 50 Hz frequency, the mini-robot
can move from right to left (Figure 6c), while when
applying an ac of 16 mA with 50 Hz frequency, the
mini-robot can move from left to right (Figure 6d). The
driving force actuating the movement of the mini-
robot may be attributed to the difference of the ampli-
tude between the oscillation of the small-dimension
part and large-dimension part of the graphene—PDA
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actuator. As discussed above, at a fixed frequency of
the ac, the graphene—PDA actuator with larger dimen-
sions can generate resonance under the lower value of
the ac. Therefore, when applying an ac of 20 mA with
50 Hz frequency, the component part with relatively
small dimensions of the graphene—PDA paper can
match the resonance conditions and thus generate
resonance, which results in producing a larger ampli-
tude than that of the large-dimension part. The differ-
ence in amplitude between the oscillation of the small-
dimension part and the large-dimension part may
produce a driving force to actuate the mini-robot
moving from right to left, as shown in Figure 6c.
Similarly, when applying an ac of £16 mA with 50 Hz
frequency, the large-dimension part of the graphe-
ne—PDA paper can hence generate resonance, which
also leads to the production of a larger amplitude than
that of the small-dimension part. Therefore, the driving
force may induce the mini-robot to move back from
left to right, as depicted in Figure 6d. A movie in the
Supporting Information (supplementary movie 4) clearly
records the whole process of the controllable movement
of our mini-robot. Accordingly, if fixing a suitable value of
the input ac, the moving direction of the mini-robot can
also be controlled by tuning the frequency of the input ac
to match the resonance frequency of the graphene—PDA
actuator with different dimensions. Despite that these are
only preliminary results and the graphene—PDA actua-
tor-based mini-robot is just a prototype, it is believed that
this technology and design can be exploited in a large
number of advanced and practical applications through
much more accurate controls.

Actuation Mechanism for the Graphene—PDA Bimorph
Actuator. The interesting actuation characteristics are
thought to be associated with an actuation mechanism
of the graphene—PDA bimorph actuator, which fully
exploits the synergism between the multifunctional
properties of graphene paper and unique environ-
mental perturbation-actuated conformation changes
of PDA. It is well known that environmental stimuli,
including electrical, thermal, optical, chemical, and
mechanical, can actuate the conformation change of
PDA chains.”> ™2 In this work, it is proposed that while
passing an input current through the graphene—PDA
actuator, two kinds of stimuli deriving from graphene
paper—the electrical field and electrothermal effect—
can cause this motion of PDA chains and thus the
expansion of the PDA crystal. Therefore, we consider
that the actuation mechanism or the driving force for
our graphene—PDA bimorph actuator is composed of
two key factors. The first proposed actuation mechan-
ism is deemed to be thermal-induced expansion of the
PDA crystal. As reported by lkehara, the linear thermal-
induced expansion coefficient for the a and ¢ axes
of PDA-4U3 [R = —(CH,)OCONH(CH,),CHs)] crystal
was larger than 1 x 107* K~' and the crystal volume
changed 1.9% between the “blue” phase and “red”
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Figure 7. (a) Temperature variation of the graphene—PDA bimorph actuator at various applied dc densities from 0.19 to 1.85
A/mm?. The temperature variation is monitored by an infrared thermometer. (b) UV—vis spectra of the as-prepared
graphene—PDA actuator at room temperature (1) and respectively heated to 50 °C (2) and 55 °C (3) followed by cooling
to room temperature. (c) UV—vis spectra of the as-prepared graphene—PDA actuator without applying dc (1) and respectively
applying dc densities of 0.39 A/mm? (2),0.74 A/mm? (3), and 1.11 A/mm? (4) while carrying out the measurement. (d) UV—vis
spectra of the graphene—PDA actuator applying a dc of 20 mA (dc density about 0.74 A/mm?) while carrying out the
measurement (1) and after 20 mA dc (dc density about 0.74 A/mm?) turned off (2). (e) UV—vis absorption vibration of the
characteristic wavelength at 690 nm (“blue” phase) for the graphene—PDA actuator under =0.74 A/mm? ac density with three
different drive frequencies: 2 Hz (a1), 1 Hz (a2), and 0.5 Hz (a3), respectively. (f) UV—vis absorption vibration of the
characteristic wavelength at 505 nm (“red” phase) for the graphene—PDA actuator under +0.74 A/mm? ac density with three
different driving frequencies: 2 Hz (b1), 1 Hz (b2), and 0.5 Hz (b3), respectively. All the UV—vis data are obtained from
reflection values of the graphene—PDA bimorph paper and then transfered to absorption values. All measurements are
carried out at room temperature, about 21 °C.

phase.’® In the case of graphene, it has been revealed
that graphite crystal has unusual thermal expansion
characteristic features: a positive thermal expansion
coefficient about 30 x 10°° K~' was measured in the
direction perpendicular to the layer planes and a nega-
tive thermal expansion was found in the layer planes.*
This indicates that the thermal expansion coefficient of
graphene paper is smaller than that of PDA crystal.>®
Thereby, the ability of conformation change of PDA
crystal induced by thermal energy is regarded as one
key role in driving the actuation.

LIANG ET AL.

To investigate this thermal-induced actuation me-
chanism, the temperature variation of the graphene—
PDA bimorph actuator at various applied dc density
was measured, as shown in Figure 7a. The temperature
of the actuator rises immediately and dramatically to
a steady state as the electric power is turned on at
ambient conditions. It is also found that the steady-
state temperature of the actuator increases as the
input dc density increases. Furthermore, the tempera-
ture variation is quite homogeneous across the whole
area of the bimorph actuator, as can be seen from the
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color contour plots of the temperature profile for the
graphene—PDA actuators in Figure S5 (Supporting
Information). It is believed that due to the remarkable
thermal and electrical conductivity of graphene, the
electric power can be absorbed by the graphene paper
and then transferred into thermal energies to heat the
actuator system.>® This temperature rise would lead to
a much larger dimension expansion of the PDA layer
than that of the graphene part, and thus bring out the
actuation bending phenomenon (Scheme S4). It is
important to note that the actuator system also cools
very fast, and theh temperature falls to room tempera-
ture promptly when the electric power is turned off
(Figure 7a), which should be attributed to the extre-
mely high thermal conductivity of graphene.?**¢ This
temperature variation rate in response to the change
of electric power for our graphene—PDA actuator is
much higher than that of the reported polymer—CNT
bimorph actuators,** which could give our graphe-
ne—PDA actuator a much faster response rate.*? In
addition, as depicted in Figure 2g, the curvature of the
graphene—PDA actuator does not have a linear rela-
tionship with applied dc, and the curvature—current
curve can be divided into three regions. The curvature
coefficient for the graphene—PDA actuator (the change
of curvature divided by the change of applied current)
in region Il is larger than that in region | and region IIl.
This phenomenon is also consistent with the thermal-
induced expansion behavior of PDA crystal.'® It has
been reported that the PDA crystal exhibits a coeffi-
cient of linear thermal expansion in the “blue” phase
under relatively low temperature (region I) and can
display a larger strain when the temperature is high
enough to actuate the phase transition from the “blue”
phase to the “red” phase (region I)'® and then show a
small coefficient of linear thermal expansion again in
the “red” phase (region lll) after the phase change.
Consequently, the thermal-triggered expansion of
PDA crystal is believed to be one of the important actua-
tion mechanisms driving the graphene—PDA bimorph
actuator.

However, the reasons behind the interesting fast
and reversible oscillation actuation under high ac
frequencies as displayed in Figures 5 and 6 may not
only be the thermal-induced actuation mechanism.
It is known that conventional thermal bimorph
actuators®**? or electrothermal actuators,**** which
are composed of two materials with different thermal-
induced expansion coefficients, can also exhibit rapid
swing motion actuation when applying an ac with low
frequencies. However, at high frequencies (usually
higher than 10 Hz),** the cooling and heating rate of
the actuator system will seriously lag the rate of current
change, and thus the actuator will achieve a balanced
temperature and maintain this constant value; thereby,
no swing motion actuation could be observed as a
result of no temperature variation.

LIANG ET AL.

So, another triggering mechanism may play a role in
our graphene—PDA bimorph actuators, and we con-
sider that this second actuation mechanism may be an
electric-induced expansion of PDA crystal. Recently,
variable range hopping conduction has been observed
for graphene sheets.**” Thus, as reported by previous
works,'”?° the electric field deriving from graphene
paper might result in polarization of the COOH groups
in the side chains of PDA. The repulsive Columbic
interaction developed on the head groups of the side
chains of PDA due to the polarization of COOH head
groups must rearrange to accommodate a new charge
distribution and thereby actuate the conformation
changes of the side chains and decrease the overlap
of the z-orbitals within the conjugated backbone of
PDA, which not only results in the color changes of PDA
but also leads to expansion of the PDA crystal.'”°

To confirm this mechanism of electric-induced ex-
pansion of PDA crystal, we have studied the UV—vis
spectrum and color changes of graphene—PDA bi-
morph actuators applying different current densities
and frequencies. While PDA is a traditional thermo-
chromatic conjugated polymer, it can be seen from
Figure 7b that the thermally triggered color change
from blue to red of the graphene—PDA actuator should
begin at a temperature higher than 50 °C (about a 30-
degree increase from room temperature). By compar-
ison, under the same environment, the electrical-in-
duced color change of the graphene—PDA paper starts
even when applying an applied dc density of about
0.39 A/mm? and continues under an applied dc density
of 0.74 A/mm? (Figure 7c and Figure 2c). It is important
to note that the temperature of the graphene—PDA
actuator is increased by only 4 °C (from 21 to 25 °C)
when applying a dc density of 0.74 A/mm? (Figure 7a
and Figure S6). Thus, we argue that while the thermal-
induced expansion of PDA crystal is one of the actua-
tion mechanisms, the dominant one should be the
electric-induced expansion of PDA crystal when apply-
ing dc and low-frequency ac.

Furthermore, while the thermochromatism is totally
irreversible (Figure 7b) as observed before,®® the
electrical-induced color change of graphene—PDA
bimorph paper is partially reversible, as presented in
Figure 7d. In addition, this partially reversible color
change of graphene—PDA paper can respond toacata
fast speed (up to 2 Hz) and is demonstrated in Figure 7e
and f, where the absorption intensity for the two
characteristic peaks at 690 nm (representing the “blue”
phase) and 505 nm (standing for the “red” phase) of
PDA change with respect to the frequencies of input
ac. Furthermore, as shown in Figure 7e and f, the peak
intensity responding frequencies of PDA are double
that of the input ac up to 2 Hz. The fact that the color
changes with a doubled frequency indicates that the
actuator or PDA responds to the current symmetrically
in both current directions, and the ac in both directions
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can induce the same motion of the molecular chain of
PDA crystal. This double frequency absorption vibra-
tion output of PDA is consistent with the swing move-
ment of the graphene—PDA when applying a low-
frequency ac, as discussed above in Figure 4c. How-
ever, at higher frequencies, no clear spectrum change
could be observed, which should be due to the slower
response of the UV—vis instrument. Consequently, it is
suggested that when applying a high-frequency ac, the
dominant mechanism for our graphene—PDA bimorph
actuators should also be the electric-induced actuation
mechanism: while the graphene—PDA bimorph actua-
tor is exposed to high-frequency ac, the high-rate
conformational changes of PDA can be induced by a
fast electron-hopping process under high-frequency
ac charge flow. However, more work is still needed to
further investigate this actuation mechanism.

CONCLUSION

In summary, a novel graphene—PDA bimorph ac-
tuator is designed and constructed utilizing a simple
yet versatile method. The use of external stimuli-in-
duced conformation changes of PDA crystal in a novel

METHODS

Raw Materials. Graphite with a particle size of 20 um was
obtained from Qingdao Huarun Graphite Co., Ltd. Hydrazine
hydrate (80%) was purchased from Tianjin Ruijinte Chemical
Co., Ltd. 10,12-Pentacosadiynoic acid monomer [CH3-(CH,),C=
C—C=(CH,)gCOOH] was purchased from Alfa Aesar Co., Ltd.and
used as received.

Preparation of Graphene Papers. Graphene paper was fabri-
cated through vacuum filtration of a graphene dispersion
according to a previous report.3? In a representative procedure,
25 mg of graphene oxide (GO), prepared from natural graphite
by the modified Hummer's method,*®*® was first completely
exfoliated down to individual GO sheets in 100 mL of distilled
water to form a stable dispersion of GO solution (0.25 mg/mL).
Then 50 uL of hydrazine hydrate (80%) and 350 uL of ammonia
solution (25%) were added to the above homogeneous solution
and vigorously stirred for a few minutes. After that, the disper-
sion was reduced by heating to 95 °C for 1 h. Graphene paper
was then obtained by filtration of the above black solution via
an Anodisc membrane filter (47 mm in diameter, 0.2 um pore
size; Whatman), followed by air drying and peeling from the
filter. Subsequently, the obtained paper was annealed at 400 °C
in argon for 2 h for further reduction. The thickness of the
graphene paper was about 10 um. All the graphene papers were
cut to desired dimensions before coating with pentacosadiy-
noic acid monomers.

Fabrication of Graphene—PDA Bimorph Actuator. In order to pre-
pare the graphene—PDA bimorph actuator, the 10,12-pentaco-
sadiynoic acid monomer was first dissolved in tetrahydrofuran
at a concentration of 10 mg/mL. Then, this monomer solution
was coated on one surface of the graphene paper, followed by
evaporation of solvent at room temperature. The bimorph
paper was covered by tin foil during the evaporation and
crystallization process to prevent polymerization owing to the
light exposure. After drying in air for about 24 h, the still black
graphene/monomer paper was exposed to 254 nm UV radiation
and polydiacetylene was formed through 1,4-addition poly-
merization of the 10,12-pentacosadiynoic acid monomer. The
polymerization time was 1.5 min for all samples. After that, the
surface of the PDA crystal side of the graphene—PDA bimorph
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way and the effective combination of the respective
unique features of PDA and graphene provide an
impressive actuation performance, superior to that of
conventional electromechanical actuators. The distinc-
tive and dominant electric-induced deformation as
well as the secondary thermal-induced expansion of
PDA is proposed to be the main mechanism causing
the high actuation performance of the flexible graphe-
ne—PDA actuator. This graphene—PDA bimorph ac-
tuator is able to be driven at low dc, and rapid swing
behavior can be observed while applying an ac of high
frequency. Furthermore, when the frequency and the
value of the applied ac and the state of the actuators
reach an appropriate level, a strong resonance can be
generated. Finally, a working device consisting of a
mini-robot based on graphene—PDA paper is demon-
strated. Given many of the excellent properties of
graphene and PDA materials and the unique actuation
mechanism, this new graphene—PDA bimorph actua-
tor and design may contribute to increase interest in prac-
tical actuation applications of graphene, such as for
ultrafast switches, artificial muscle, microrobotics, optical
display, prosthetic devices, and microscopic pumps.

paper became dark blue. The content of PDA in the graphene—
PDA bimorph actuator can be modulated through controlling
the amount of monomer solution coated on the graphene
paper. As shown in Table 1, a series of graphene—PDA bimorph
actuators with different loadings of PDA was prepared for
comparison and investigation. Graphene—PDA-1, graphe-
ne—PDA-2, and graphene—PDA-3, whose dimensions are about
25 mm x 4 mm (length x width) with a thickness of around
10—13 um, are used for the measurement of electric-induced
stress. Graphene—PDA-4, graphene—PDA-5, graphene—PDA-6,
and graphene—PDA-7, whose dimensions are about 10 mm x
2.7 mm (length x width) with a thickness of around 10—13 um,
are utilized for the measurement of actuation bending perfor-
mance under different applied alternating current.

Characterization. Scanning electron microscopy (SEM) was
performed on a LEO 1530 VP field emission scanning electron
microscope with an acceleration voltage of 5—10 kV. The
UV—vis spectra were obtained with a JASCO V-570 spectro-
meter in the 200—800 nm range adjusted for the background.
All the UV—vis data were obtained from the solid reflection
value of the graphene—PDA bimorph paper and then transfer
to the absorption value. All measurements are carried out at
room temperature, about 21 °C. X-ray diffraction (XRD) mea-
surements were carried out using a Rigaku D/Max-2500 dif-
fractometer with Cu Ko radiation. The temperature data were
measured with a laser sight infrared thermometer with a
resolution of 0.1 °C, and the temperature data were ob-
tained from the graphene surface of the bimorph paper. The
direct current was applied using a direct current regulated
power supply, and the altering current was applied using
a signal generator, which can alter the frequency from 1 uHz
to 5 MHz.

Measurement of Bending Performance for the Actuator. An experi-
mental actuator setup, as demonstrated in Figure 2a and ¢, was
designed and used to measure the electric-induced bending
performance of the actuators. One end of the length of the
graphene—PDA bimorph paper was fixed to an electrode of Cu
wire; the other end of the paper was connected to a flexible
conductive CNT fiber, which was prepared according to
the previous report.’® When the graphene—PDA actuator was
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exposed to direct current or alternating current, the end joined
with the CNT fiber can move and bend freely. An optical
microscope coupled with a CCD camera and high-speed camera
(Casio EX-ZR100) was used to record the bending displacement
and the sine wave oscillation of the graphene—PDA bimorph
actuator. The bending degree of the graphene—PDA bimorph
actuator is quantitatively expressed by the curvature, and the
curvature can be calculated by means of the method men-
tioned in ref 35.

Measurement of the Electric-Induced Stress of the Actuator. An
experimental actuator setup, as demonstrated in Figure S4,
was designed and used to measure the electric-induced stress
of the actuator. One end of the length of the graphene—PDA
bimorph paper was connected to one tip of the Cu wire, with
the other tip anchored on an adjustable inching lab jack; the
opposite end of the actuator paper was also connected with
one tip of the Cu wire, whose other tip was attached to the pan
of a precision balance (over 1 of 10000 level, Sartorius). When
voltage was applied to the graphene—PDA actuator, the weight
readings displayed through the precision balance changed. The
electric-induced stress of the graphene—PDA actuator is de-
pendent on both the thickness of the graphene—PDA paper
and the change of weight and can be directly calculated from
these two data. Before performing the actuation stress test for
all actuator samples, the inching lab jack was tuned to preload a
force of about 0.0196 N on the graphene—PDA papers to make
sure that the papers were vertical to the horizontal plane of the
balance.
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