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Abstract. The electromechanical characterization of carbon nanet(®NT) papers, which
are immersed in an aquatic electrolyte, is the main focushisf paper. The experimental set
up consists of an ordinary three electrode cell, filled whi tiquid electrolyte and using the
CNT paper as working electrode. The in plain strain of thegrap measured and its quasi
static and dynamic response to various electrical potémtaitations has been investigated in
a series of experiments. Additionally, the influence okudfit electrolytes, pre-stresses and
types of carbon nanotubes (SWNT vs. MWNT) was studied.

1 INTRODUCTION

One essential component of all smart structures is the actwehich will induce strain into
a system in order to change its shape or to compensate dmgjwibrations. These actuators in-
corporate materials that usually convert electrical enargp mechanical energy. Besides many
materials of minor importance there are two major groupsateacommercially available. One
of these are piezoceramics that expand/contract wheniagmy electrical field and the other
one are shape memory alloys, that change crystal configaratith temperature. Disadvan-
tages of these species are the required high voltages arehtsiand the high density of the
actuation material.

Actuators based on carbon nanotubes (CNT) have the pdtémtivercome these draw-
backs—. They are working at a few volts and the density of the raw nitis as low as 1.33
g/cm?. Moreover, active strains of up to 1% can be achieved - dubaédCNTs dimensional
changes on charge injection. In order to do so, the nanotudesto be arranged and electri-
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cally wired like electrodes of a capacitor, and then immegttigean electrolyte. Ever since the
actuation mechanism of CNT was first described by BaugRrsaweral groups of researchers
have made attempts to get a deeper understanding of theiantatiect and to overcome the
major limitations on the way to production of these actuator

2 STATE-OF-THE-ART

Most contributions on the characterization of CNT basedators, that have been published
so far, can be subdivided in two categories: those with elebemical and those with electro-
mechanical focus. The contributions of the first group esgtbe possibilities of using aquatic
electrolyte§=° and ionic liquid$®, mainly using cyclic voltammetry. The second group fo-
cuses more on the electromechanical aspects like dynarhtbe systeni 12 control laws
for driving voltages$® and comparison with other actuation materials like polljaat* and
other conducting polymet& However, a full description of the dynamic model for in1pda
actuation is still missing just like an intense experiméimeestigation of the systems response.

There are three types of experiments evaluating the adtia sthat were carried out so far:
measurements of individual nanotubsmeasurement of in-plain strain of bucky-paler’
(including measurements of active strains in fid&rsind measurement of strain in thickness
direction of a bucky-papét 1°. The advantage of in-plain measurements are especialtpthe
paratively high displacements that can be achieved, stttbaignals do not have to be low pass
filtered, which might manipulate the dynamics of the syst@wmpared to the measurement of
individual nanotubes the in-plane strains are much clasktér applications.

This paper contributes to filling the gap in the area of quidicsand especially dynamic
experimental investigations of nanotube based in plainedots.

3 EXPERIMENTAL DETAILS
3.1 Macroscopic CNT Structures

The CNT structure used for all following investigations &skd on so called "bucky-papers”,
which is a paper of statistically directed nanotubes madedayium filtration. These bucky-
papers were prepared by several steps. Purified SWWNEse been purchased from Carbon
Nanotechnologies Incorporated, Houston, USA. This matevas synthesized by gas-phase
decomposition of CO over Fe catalyst (HiPco method) and thigypof this single wall carbon
nanotube batch was denoted by the producer of more than 86&ut&80 mg of SWNT material
was dispersed in 30 ml 1% solution of sodiumdodecylsulp{is) as a surfactant and then
processed by three step ultrasonication. First the solwtias sonicated for 30 minutes with
a Branson Sonifier Cell Disruptor B15, energy output levgb@sed of 50% duty cycle and
a 1/2 inch horn. The second step was carried out by the sanagadpp settings except from
a smaller 1/8 inch horn. Finally, the resulting solution veamicated for 60 minutes in an
Bandelin ultrasonication bath to improve the dispersiothef SWNTs. This dispersion was



Johannes Riemenschneider, Thorsten Mahrholz, Jirgenhyidens Peter Monner and J6rg Melcher

vacuum filtered over a polytetrafluorethylene membrane aiplore size of about 0.38 and
a diameter of 47 mm by Schleicher & Schluell MicroScience Gimist first 50 ml ethanol was
given to the filter in order to open the pores, followed by tNgNST-dispersion and finishing
with deionized water to remove SDS. The resulting buckyepaypas carefully peeled off the
membrane filter in the wet state and disrobed on a polytetnadthylene foil covered with a
lantern slide. Drying for 48 hours at room temperature tssul an slightly flexible, easy to
handle bucky-paper with a thickness of about/60 and a surface resistance «Q@&m (see
figurell).

Figure 1. Bucky-Paper after production (left); Sample fec&omechanical analysis (right).

The indicated specimen made of MWNT were basically producsidg the same steps
described for the SWNT, above. The raw material was obtafreed FutureCarbon GmbH,
Bayreuth, Germany. The bucky-paper made of this materialved a surface resistance of
about 120)/cm.

All chemicals that were used are highest grade. Aqueougicotuwere prepared using
deionized water.

3.2 Experimental Setup

A conventional three-electrode cell was used for all experits. The schematic set up for
all quasi steady measurements is shown in figlire 2.

The counter electrode was a Pt ribbon, the reference etectnas Ag/Ag. The SWNT
(or MWNT) bucky-paper was employed as working electrodeynexted via a Pt wire to the
electrical feedthrougs. The potentiostat was a 1030Pienfiostat/Galvanostat by Jaissle
Elektronik GmbH, Waiblingen, Germany. Output of this devis the potential at the working
electrode in V as well as the current that is flowing betweerkimg and counter electrode. This
current is given as a proportional voltage, where 1000mAesponds to 10V. The input (the
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String for Pretenstion
Output: Actual Voltage To Reference Electrode
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Data
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Figure 2. General experimental setup for quasi static nteasents. In case of dynamic measurements the oscil-
loscope, computer and function generatror are substitutede FFT-analyzer.
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Figure 3. Experimental Setup.

voltage that should be applied in the cell) for the poteméibsas given by a function generator
Yokogawa F120, the active displacements were measureddsggrtriangulator Micro-Epsilon
Opto 1605-0,5 with a measuring range of 0.5 mm. Output oflffser is a voltage signal from
-10V to +10V. A given voltage has to be multiplied with thet@acof 25, 57 in order to derive
the displacement of the laser in meter. The output from thergimstat (voltage and current) as
well as the displacement was recorded using an oscillostekieonix TDS 3014, which was
connected via GPIB with a PC, reading the data from the ascitipe with a LabView program.
The displacement signal had to undergo further processinge some drift was found in the
signal (as it can be also seen in experimental results fdicogkcitations in the literaturé),
which assumed to be due to quelling of the bucky-paper in waBence this effect can be
described as a linear term, superposed to the rest of thal sigmas counteracted by adding a
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linear term with opposite sign to the signal, resulting ireaqdic output signal without drifting.
Due to this drift it was also not possible to derive the orajidisplacement at zero voltage, so
the minimum was set to zero, resulting in a signal from zera@nThis signal was divided by
—ly in order to derive the straif, which also goes from zero on up.

Dynamic measurements of the Transfer functions were choig by means of an Ono-
Sokki CF-5220 multi purpose FFT-analyzer, which is a tworcted device. For measuring the
spectra swept sine signals were used.

The bucky-papers used as working electrode had a size of 3xx0185 mn¥. They were
standing upright in the electrolyte, being clamped on thpen@and lower side of the paper.
The clamp on the lower side incorporates the platinum wirettie electrical contact. The
upper clamp was used to bring some pre-stress to the speeigidrer by a spring or by a
constant force through a string going around some pulleys &counter weight on the other
side (see figurEl 2). The pre-stress is necessary to keepakg-paper from bending. The laser
triangulator measures the displacement of this upper clahiie strains are measured in the
direction of the longest dimension, so thhat 11 mm.

4 EXPERIMENTAL RESULTS

At first the prepared bucky-papers were analyzed by meangb€ @oltammetry in order to
get the capacity (as it is done in literat&f@ 23 and the electrochemical stability window of the
system. Thereafter, electromechanical investigatiorte®in-plane strain of the bucky-paper
were performed. Rectangular voltage steps were given teytstem in order to investigate the
step response of the system. In a next step the dynamic respbthe system was investigated.

4.1 Cyclic voltammetry (CV)

All systems that were analyzed (different bucky-paper dadtelytes) were investigated by
means of cyclic voltammetry. This test is defined in such a, Waat the voltage that was given
to the system follows a slow ramp of about 60 mV/s. The resglglots are shown in figure
M. The general characteristic of this curve shows thre@nsgiThe middle region is dominated
by straight lines (which are located above zeroAdd/At > 0 and below zero foAU/At< 0)
with little slope. As soon as the voltage surpasses a cdewah(in the positive and the negative
end of the middle region) there is a rapid growth in currertiéseen. The voltages that mark
the boundaries of the middle regions are marking the elelstnmical stability window of the
systems. Beyond these voltages non reversible chemiadiors (e.g. electrolysis) take place.
As it can be seen in figufé 4 there are differences in the sitéofvindow. Especially for those
systems with iod and bromine ions, there is a much earlieratalectrolysis at the anodic side
(+0.25V for bromine and +0.7V for iod), which can be seen mtiépid increase of the curves.
Apart from this, the electrochemical characteristics lookch similar.
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Figure 4. Cyclic voltammetry at a scan rate of 60 mV/s for ttofving electrolytes: NaCl, NaBr and Nal.

4.2 Quasi static electromechanical characterization

In order to characterize the electromechanical respontbeafystem, a series of experiments
was carried out, exciting the system with a voltage step thémint amplitudes. It could be
shown that constant voltages (within the electrochemitabibty window) lead to constant
displacements - with two restrictions. First, the buckypgraguelling has to be stopped (which
is going towards zero with time - several minutes) and sectral system is relatively slow
(time constant of several seconds) and so it has to be waitddd system to reach the desired
state. For voltages beyond the electrochemical window titaéns that will be achieved at a
constant voltage are not necessarily constant any moreathérrrapidly growing. The strain
developed in this region is much likely ireversible, whicbwld mean, that this type of strain
development cannot be used in technical applications. |Re&gtrom this general observation a
plot of strains over voltage for quasi static conditions barestablished, which is shown in the
following figure[®. The curve can be subdivided into threealg according to the curves slope.
In region | there is a negative slope, in region Il the slopelase to zero and in region Il the
slope is positive. For a description in formulas this sulsilon is helpful. The complete curve
is the basis for all further investigations. It gives a gliadiearacteristic of the system which can
be quantitatively compared for different systems. In otdereate these curves a test procedure
has to be defined. Our test procedure takes one singular gfdim¢ system as a basis for the
investigation. This point is the voltage of minimum strain As system input a voltage step
starting atl/; was used. The system response for all these experiments mgenvadown as
voltage/strain over time plot like seen in figlile 6a. Sinogiprinary analyses have shown a
minimal strain at a voltage of abolt, = 0.3V, the steps, that were used as input, were always
starting at).3V (e.g. [0.3 to -0.8][0.3 to -0.7]...[0.3 to 0.7][0.3 to 0.8])he voltage range was
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Figure 5. General correlation between strain and voltagledisision into three regions; including limits of the
electrochemical stability window.{,,;,, andU,,,q..)-

chosen in a way, that the electrochemical stability windas wot exceeded.
Maximal strains:,,,., Of these responses were plotted over the potential, thatpaleed as
a step starting from.3V. The resulting curves are shown in figlite 6 b. It can be seahitie
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Figure 6. Comparison between SWNT and MWNT samples. ElgteroNaCl. a) Strain over time at voltage
step: 0.3V - 0.8V, b) Strain vs. potential.

SWNT specimen reaches much higher active strains than th&llMgpecimen. The quality of
a bucky-paper and a complete system can be measured withgtrag over potential plots.
The following comparisons were carried out: Different gteess levels and methods, variation
of electrolyte concentration, different ions in aquatieattolyte and different bucky-papers.
The investigation on the influence of the pre-stress on therys behavior is crucial for the
whole experimental set up. Two versions to apply the presstwere tried: The use of a spring
and the use of a counterweight using string and pulleys. Téiedine is introducing additional
stiffness into the system and with this changing the resliinatically. The weights did not
change the maximal strains or strain rates of these qudsi stgeriments. The size of the
weights was varied between 2 g and 10 g, but a influence on $shéiseould not be shown.
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Figure 7. Strains at different NaCl concentrations. Ther @llestrain performance of this bucky-paper is low,
which is due to high resistance of the paper.

For the aquatic electrolyte NaCl the concentration wasedaftom 0.01 M to 1 M. The
maximum strain that could be reached increased with thedocentration (see figufé 7). For
higher concentrations (1 M - 4 M) there was no further incegfagsind. This seems obvious,
since with lower ion concentration there are less ions ak#gl for the actuation of the bucky-
paper.

One very interesting outcome of the investigation is theugrice of different ions on the
strain and the strain rate. Different aquatic solutionsantested. The anions that were looked
at are Ct, CHQ,, C,H305, NO;, Br- and QP keeping Na as cations the same each time.
All these experiments with different ions were carried oithvthe same bucky-paper sample,
which was rinsed between two experiments in deionized walbe concentration was 1 M
(exept for the NgO,P, which was 1/3 M). The results in figurk 8 show, that therenislinect
influence of the ion size on the derived strain. It is not ¢ledrether ions that were still in the
bucky-paper could not be rinsed out completely and mighettaused this lack of sensitivity
for other electrolytes.

One further investigation concerned different qualitié$oacky-papers. In the course of
production there were certain quality criteria. One wasrdsestance of the specimen. bucky-
paper with different resistance were tested. The straihvilaa generated decreased with in-
creasing resistance. As a result of this interrelation gtisngly recommended to have low
resistance of the bucky-paper material or an additionatedal contacting possibility.
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Figure 8. Results for different anions.

4.3 Dynamic characterization of the Actuator system

In order to analyze the dynamics of the system the frequessyonse function (FRF) of
the system was determined. The electrical excitation fersfstem was a voltage sweep sinus
with U = —0.2V £+ 0.1V which represents the region | of the behavior (see fiflre &Y an-
+0.6V£0.1V, which is located in region Il of the general system resgori$e electrolyte that
was used is 1M NaCl aquatic solution. The frequency rangen&se experiments was setto 0 to
0.8 Hz and 2 Hz respectively. Higher frequencies do not giweessential further information.
The system outputs that were analyzed were current ancadesplent. The bode diagram is
shown for current/voltage (figuké 9), displacement/vatéiggureID) and displacement/current
(figurel11).

For the electrical system (figuké 9) a characterization bgmeeof electrical components is
being used. In the region gf < 0.1 Hz for region | and).01 Hz < f < 0.1 Hz for region IlI
the characteristic of a capacitor can be found. The gaisisgi(constant in logarithmic scale)
and the phase shift is approaching +90°. This explains, Wiy @ctuators are often compared
with capacitors. For frequencigs> 0.7 Hz and especially >> 0.7 Hz the gain comes to
a constant level and the phase shift approaches 0°. This dytiamic character of an Ohmic
resistance. This means that for high frequencies the systésrlike a resistance.

The description of the transfer function for system inpultage and system output dis-
placement (figur€-10) is not quite that easy to interpretiSérare decreasing with increasing
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Figure 9. Dynamic response of CNT based actuator systentersymput: voltage, system output: current;
Left graphs: region If = —0.2V + 0.1V). Right graphs: region 1l{ = +0.6V £+ 0.1V).
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Figure 11. Dynamic response of CNT based actuator systesterayinput: current, system output: displacement;
Left graphs: region I = —0.2V 4+ 0.1V). Right graphs: region Il = +0.6V +0.1V).

frequency - which has been stated befoiiéhe double logarithmic axis scaling make the curves
look like straight lines.

A more interesting insight into the system can be given, wthertransfer function for the
system with current as input and displacement as outpuirng beoked at. The resulting FRF
and phase shift is shown in figutel11. The double logarithroddisg of the axis leads to a
straight line with negative gradient - just as for an intégralhe phase shift up t6 < 0.1 Hz
does not seem to follow an obvious order. For higher fregesrtere is a tendency towards
a phase shift of +90° for region | and -90° for region Ill. Tkasharacteristics in region 11l for
gain and phase shift are those of an integrator. Assumingtbee is also an integrator behavior
between charge and current, the conclusion can be drawnthia@ is only a proportional
transfer function between charge and strain for a giveroreglhese correlations are similar
for region |, with the only difference, that the phase shft-B0°, which is due to the negative
gradient of the strain voltage curve in region |.

5 CONCLUSIONS AND OUTLOOK

Several experiments exploring the quasi static and edpedgnamic behavior of nanotube
based in plain actuators are carried out.
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5.1 Quasi static Operation

In series of experiments the strain characteristics aemifft voltages is studied in detail. It
could be shown that at a potential of around 0.3 \olts thei msinimum of strain. Higher
and lower potentials, respectively, cause the bucky-ptpekpand. For each voltage (within
the electrochemical stability window) there is a maximunaists,,., that can be found after
a certain rise time. The correlation between voltage arairsts parabolic. It is shown that
this correlation can be well reproduced and gives a measusdriin generation capability of a
given CNT-structure in combination with a given electrelyA test procedure was defined by
which these curves are to be established.

As far as high strains are concerned there is one rule, tleatchbe applied: the Ohmic
resistance of the CNT structure has to be as little as passiipart from that, electrolytes are
being searched for, that have a large electrochemicallisgabindow. The use of CNT based
actuators outside this window is uncertain due to non réwétg.

5.2 Dynamic Operation

The dynamic response of the system was investigated by ntdan&RF. The analysis was
carried out for regions | and Ill, respectively. For bothicew similar characteristics could be
shown. The electrical FRF shows charakteristics like acémaor lower frequencies and like
an Ohmic resistor for higher frequencies. The electromeicehFRF shows, that amplitudes
are decreasing for higher frequencies. For current asmyistgut and displacement as system
output, there is a characteristic in region Il for gain amdge shift which looks like that of an
integrator. Assuming that there is also an integrator behdetween charge and current, the
conclusion can be drawn, that there is only a proportiomaldfer function between charge and
strain for the given region.

5.3 Steps that have to be taken

There are several steps that have to be taken before CNT batemtors can be applied in
technical applications.

A sufficient formalism has to be found to discribe the systegtsavior.

Especially the macroscopic CNT structure has to be impravkd. The superb structural
properties of individual nanotubes have to be transfereddcroscopic structures. Ways that
lead this way are the production of CNT fib&Z“or the reinforcement of single-walled carbon
nanotube bundles by intertube bridgfig

Another step towards the realization of a CNT based actuatibre incorporation of solid
state electrolytes. This has been demonstrated in lite?&ter, but has to be examined in detail.
Questions that have to be answered are, which electrolygesiast appropriate and how can
they be handled easily in an efficient way.

12
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