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Performance Quantification of Conducting Polymer
Actuators for Real Applications: A
Microgripping System

Gursel Alici and Nam N. Huynh

Abstract—In this paper, we report on modeling, characteriza-
tion, and performance quantification of a conducting polymer actu-
ator, driving a rigid link to form each finger of a two-finger gripping
system, which is what we call a microgripping system. The actuator,
which consists of five layers of three different materials, operates
in a nonaquatic medium, i.e., air, as opposed to its predecessors.
After the bending displacement and force outputs of a single finger
are modeled and characterized including the effect of the magni-
tude and frequency of input voltages, the nonlinear behavior of
the finger including hysteresis and creep effects is experimentally
quantified, and then a viscoeleastic model is employed to predict
the creep behavior. The experimental and theoretical results pre-
sented demonstrate that while the hysteresis is negligibly small, the
creep is significant enough so as not to be ignored. The response of
the actuator and the finger under step input voltages is evaluated,
and found that the actuator does not have any time delay, but only
a large time constant. Two of the fingers are assembled to form
a microgripping system, whose payload handling and positioning
ability has been experimentally evaluated. It can lift up to 50 times
its weight under 1.5 V. The payload handled was a spherical object
covered with industrial type tissue paper. The friction coefficient
between the object and the carbon fiber rigid link has been de-
termined experimentally and used to estimate the contact force.
All the theoretical and experimental performance quantification
results presented demonstrate that conducting polymer actuators
can be employed to make functional microsized robotic devices.

Index Terms—Actuators, electroactive polymer actuators,
flexure-based devices, micromanipulation, system identifica-
tion/characterisation.

1. INTRODUCTION

S POTENTIAL electromechanical actuators and sensors,
A which are very suitable for miniaturization, conducting
polymer actuators have attracted the attention of many re-
searchers in the last decade [1]-[9]. A comprehensive account of
polymer actuators is given in [1] and [9]. They have a compos-
ite structure with polymer layers separated from each other with
an insulator. When the right stimulus, which is usually a very
small voltage, typically 1 V or a current, is applied to the poly-
mer layers, a volume expansion and contraction occurs due to
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electrochemomechanical properties of the polymers [10]-[12].
The change in the volume generates a bending displacement—
the electrochemical energy is converted into mechanical energy.
As a result, considerable amount of research has been devoted
to modeling and understanding their behavior in order to im-
prove their synthesis conditions for use as reliable actuators and
sensors for new cutting applications ranging from biomedical
devices to micromanipulators [4] [7] [13]. Zhou et al. [4] have
reported on three types of polymer actuators including ionic con-
ducting polymer film actuator, polyaniline actuator, and pary-
lene thermal actuator. They have presented their fabrication and
initial performance results. Zhou and Li [14] have reported on
the MEMS-based fabrication of cantilever microstructures con-
sisting of Au/Nafion/Au trilayers on silicon substrates in order
to construct microgrippers operating in aqueous media. Smela
et al. [7] have presented the development and performance out-
comes of polypyrrole (PPy) and Au bilayer conducting polymer
actuators operating in electrolyte solutions. As an extension
of this study, Jager et al. [13] have fabricated a serially con-
nected micromanipulator to pick, move, and place 100-pm glass
beads.

This paper is part of an ongoing-project on the establishment
of manipulation systems such as grippers and planar mech-
anisms, articulated with the fourth generation PPy actuators
fabricated in the Intelligent Polymer Research Institute at the
University of Wollongong [2]. Conducting polymers have many
promising features including low actuation voltage, operation
in aquatic mediums and in air, low cost, and high force—output
weight ratio. Their main drawback is their low speed of response
and nonlinearity due to the actuation principle, which is based on
mass transfer. The application of conducting polymer actuators
is an emerging field, as researchers begin to harness the bene-
fits of their material properties, which are greatly enhanced at
smaller scales [9]. Possible future applications include artificial
muscles and a wide variety of sensors and actuators in biomed-
ical systems [6] and micro/nano manipulation systems [15]. As
these actuators do not contain any rolling and sliding elements,
they are suitable for micro/nano manipulation tasks, which re-
quire motion accuracy of the order of 0.05-0.1 pm (50-100 nm).
In our previous studies [16]—[20], we reported on developing
various mathematical models to predict the bending behavior
of the conducting polymer actuators, and employing the mod-
els to optimize their topology with high force and displacement
outputs.

In this paper, we report on the performance quantification
of a PPy-based conducting polymer actuator driving a rigid

1083-4435/$25.00 © 2007 IEEE
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Fig. 1. (a) Schematic structure of the conducting polymer actuator.
(b) Schematic representation of the bending principle.

carbon fiber link, which constitutes each finger of a microgrip-
ping system with the dimensions of (5-mm actuator + 5-mm
rigid link) x 1 mm X 0.17 mm. With reference to these dimen-
sions and its fabrication process, the microgripping system is
not MEMS-based. It must be noted that surface micromachining,
bulk micromachining (i.e., etching), bonding alone, electrode-
position, photolithography, and other replication techniques are
used to make MEMS-based microdevices/microstructures. The
performance evaluation has been realised in terms of the bend-
ing displacement and force output, and their nonlinear behavior
including hysteresis and creep. The actuator has been used in
a real application to articulate a two-finger gripper. The exper-
imental and estimated results attest that electroactive polymer
actuators are suitable to make micromanipulation devices such
as a gripper, which can handle as much as 50 times its total
mass.

II. POLYMER ACTUATOR DRIVING A RIGID LINK

The polymer actuator and the rigid link form a monolithic
composite structure, where the polymer section serves as the
actuator and a flexure joint—Ilike an active flexure joint, and the
rigid link as a payload carried by the actuator.

A. Actuation Structure and Mechanism

The structure of the PPy-based polymer actuator, considered
in this paper, is shown in Fig. 1. The actuator has five layers.
The outer two layers, which are PPy with thicknesses of 30 um,
are the electroactive elements providing actuation. The middle
layer is polyvinylidine fluoride (PVDF), an inert, nonconduc-
tive, porous polymer. It serves as a separator for the two PPy
layers and the reservoir for electrolyte (tetrabutylammonium
hexafluorophosphate) TBA PFg 0.05 M in solvent propylene
carbonate. The electrolyte and the solvent need to be stored in
the PVDF layer in order to operate the actuator in air. Otherwise,
it has to be operated in an aqueous medium consisting of the
electrolyte and the solvent. Thin layers of platinum of 10-100 A
are sputter-coated on both sides of PVDF to enhance the con-
ductivity between the PPy layers and the electrolyte. When an
electrical potential is applied across the electrodes attached to
the PPy layers, the reduction/oxidation (redox) process occurs,

| 10 — FVDF PPy .
7722777 7 it
772277 \

(b)
electrode clamps ncucting polyrass rigidized carbon fiow

Fig. 2. Structure and dimensions of the robotic finger. (a) Front view and top
view. (b) Cross section of the actuator part (not to scale).

and the actuator bends. For the actuator employed in this study,
the redox process is described by

oxidation reduction
PPy*PFG’ e — PPy0+PF6’
(oxidation state) (reduced state) . (1)

The redox process occurs simultaneously on both the PPy lay-
ers; while one layer is oxidized, the other is reduced, and vice
versa. With reference to (1), the displacement of PF|; ions in the
PPy layers causes material strain through a number of effects.
One is the effect of the gain or loss of ion volume causing vol-
ume expansion or contraction in the PPy layers. The movement
of solvent molecules due to osmotic pressure, which accom-
pany the ion diffusion, also contributes to the volume change
in the PPy layers. The other factor is the resultant electrostatic
forces between the displaced ions and the polymer backbone
that cause the PPy layers to expand or contract. As the two PPy
layers undergo opposing strains, a bending moment is induced,
generating the deflection of the actuator.

B. Robotic Finger

The structure of the robotic finger made up of the polymer
actuator and carbon fiber is shown in Fig. 2.

The conducting polymer part of the finger works as an actua-
tor and a flexure joint called active flexure (acti-flex) joint, while
the carbon fiber attached to the end of the polymer serves as a
rigid link for the robotic finger.

The finger is fabricated as follows.

e An already fabricated sheet of conducting polymer is
trimmed into strips of 1 mm x 15 mm, and the carbon
fiber with a thickness of 0.3 mm is trimmed into pieces of
I mm x 5 mm.

e The carbon fiber pieces are cured in an oven for about
10 min at 100 °C to make it rigid.

® A double-sided sticky tape is put onto the rigid carbon fiber
pieces.

* The rigid carbon fiber pieces with the sticky tape on one
side are then attached to the polymer strip to make the
finger.

e The samples are replenished in TBA PFg 0.05-M elec-
trolyte for 5 min before each test.
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Fig.3. Parameters defining the finger tip position: coordinate systems, bending
angle, and the radius of curvature. The radius was measured from the intersection
of the perpendicular lines of two adjacent segments.
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Fig. 4. Experimental setup.

III. EXPERIMENTAL PERFORMANCE QUANTIFICATION OF
ROBOTIC FINGER

The fabricated finger has the dimensions of (5-mm actuator
+ 5-mm rigid link) x 1 mm x 0.17 mm, as depicted in Fig. 3. A
photograph of all the apparatus used for experiments is shown in
Fig. 4. eDAQ e-corder recorder unit together with eDAQ Chart
and eDAQ Scope software is used to record, amplify, filter, and
analyse data. Aurora Scientific Inc. dual-mode lever arm sys-
tem, model 300 B is used to measure the tip force. The platinum
wires on the electrode clamps are connected to the outputs of
a potentiostat/galvanostat, controlled using Chart 4 Windows
software via a Powerlab 4/20 controller. Other equipments in-
clude a PC, a digital video camera, a metal stand and clamps,
two-electrode clamps and a grid paper. The schematic repre-
sentation of the experimental setup employed to evaluate the
performance of the finger is shown in Fig. 5.
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Fig. 5. Schematic representation of the equipment.
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A. Effect of Input Voltages on Displacement Output
of a Robotic Finger

Under constant voltages ranging from 0.2 to 1 V, the tip dis-
placements of the robotic finger is measured, and are shown
in Fig. 6 for two samples of the same finger. The same exper-
iments, which were conducted for the polymer actuator with
the dimensions of 5 mm x 1 mm x 0.17 mm, had shown the
same trends, i.e., the higher the input voltage, the larger the
tip displacement. However, it must be noted that the displace-
ment along the z-axis is much smaller than the displacement
along the y-axis. In Section IV, a mathematical model to pre-
dict the bending displacement of the actuator is presented. It
must be noted that the corresponding radii of curvature depicted
in Fig. 7 are needed for the force model provided in the next
section. The tip displacement results of our trilayer actuator
operating in air is in agreement with the performance character-
isation results presented in the literature for a trilayer polymer
actuator (20 mm X 15 mm x 0.013 mm) operating in a 1-M
LiClO4 aqueous solution under current control [12].
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B. Effect of Frequency of the Input Voltages on the Force Output
of a Robotic Finger

The force output of the robotic finger is measured under a
set of square waves with a constant magnitude of £1 V and
the frequencies of 10 pulses/min (PPM) or 0.1667 Hz, 6 PPM
or 0.1 Hz, 4 PPM or 0.0667 Hz, 3 PPM or 0.05 Hz, 2 PPM or
0.0333 Hz, and 1 PPM or 0.0167 Hz. Before each test, an input
voltage of 0 V is applied to neutralize the finger. The current
passed through the oxidized polymer layer, the input voltage,
and the output force, data extracted from the eDAQ data logging
system, are shown in the top, middle, and bottom plots of Fig. 8,
respectively. These are typical data recorded for each frequency.

The magnitude of the force for each frequency is read from
the recorded force data, and is shown in Fig. 9, where the force
decreases linearly with the input frequency. This can be ex-
plained by the fact that the movement of dopant ions and sol-
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Fig. 11. Bending curve of a bending polymer actuator.

vent molecules requires certain time to move in and out of the
PPy layers during the redox process. Obviously, with high in-
put frequencies, there is not sufficient time for the ions and the
molecules to reach deep into the polymer layer to generate more
force. This is like stopping their movement in the middle of their
journey and asking them to go back. This argument is supported
by the magnitude of the minimum current passing through the
oxidized layer, i.e., if the minimum current is closer to zero,
the better will be the oxidation, which generates more actua-
tion effect. The minimum current for the input frequencies is
determined from the recorded current data, as shown in Fig. 10,
where the magnitude of the minimum current under a relatively
high input frequency is significantly higher than that of the low
input frequency.

IV. BENDING MOTION AND BENDING FORCE MODELING

The mathematical models are needed to provide enhanced
degrees of understanding, predictability, control, and efficiency
in performance in order to improve the displacement and force
outputs of the polymer actuators before using them in real ap-
plications [20].

A. Bending Motion Model

This mathematical model, which had been reported in our
previous study [16], is summarized here for the sake of com-
pleteness. The model has been derived in terms of the tip vertical
displacement v and the horizontal displacement x, as shown in
Fig. 11.
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Fig. 12.  Experimental and theoretical bending curves for a polymer actuator
[dimensions: 10 mm x 1 mm x 0.21 mm; 8 = 0.145 (F/m?)/(C/m?®)] [16].

The resulting mathematical model is a second-order nonlinear
differential equation given by

dv\?
1 (dm) ]
36V C(hy + hy) _
2L [y (2f2)’ + (B, - By) (%))

o

dz?

2

where V' is the input voltage, L is the length of the actuator, b
is the width of the actuator, C' is the capacitance, F; and Fs
are Young’s moduli of PPy and PVDF layers, respectively, hy
and ho are described in Fig. 13, and ( is the experimentally
determined proportionality constant relating the internal stress
o to the exchanged charge density given by

A
Uzﬁ?Q (€))

where A(Q is the exchanged charge, and B is the volume of
the oxidised PPy layer of the actuator. The model given by (2)
has been solved for the dimensions and mechanical properties
of the known actuators, and then compared to the experimental
bending results under the voltage step inputs of 0.2, 0.4, 0.8,
and 1.0 V, as depicted in Fig. 12. The theoretical results match
the experimental results quite closely. It should be noted that
the model does not account for bending beyond 90°, which
is why the tips of the curves with larger deflections show the
greatest discrepancy, while the rest of the actuator shows a better
agreement [16].

B. Force Output Model

It must be noted that many of the modeling approaches re-
ported in the literature [8], [21] are mainly for bilayer polymer
strips, based on the bending modeling of a bimetal thermostat
reported by Timoshenko [22]. In [19], the Timoshenko’s method
has been extended to model force outputs of the trilayer poly-
mer actuator and the robotic finger. With reference to Fig. 13,
the force F' is the external force needed to block the bending
displacement of the actuator tip. In fact, F' is the force measured
by the force sensor upon the activation of the polymer actuator.
Under a quasistatic condition, the total moment consisting of

Fig. 13.

One end cantilevered actuator and the parameters in the model.

the induced internal bending moment and the moment created
by the external force F' is always zero at any cross section along
the actuator [19]

1
= HEI+aBbh(h +hy) ~ FL=0 (4)

where EI = E1I, + E» 15 is the flexural rigidity of the whole
actuator. It must be noted that the strain in the PPy layers at a
distance y from the neutral axis due to the thickness change of
the PPy layer during the redox process is constant throughout the
PPy layers and is denoted by «. It is reported in the literature that
« is a function of the strain-to-charge ratio and charge density
in the PPy layers [16] [19].

Equation (4) describes two cases under a nonzero input volt-
age: 1) the tip of the actuator is not blocked (i.e., F' = 0) and 2)
the actuator tip is blocked to measure the tip force.

The first case is used to determine the value of o under differ-
ent input voltages, provided that the radius of curvature R, and
the numerical values of the other parameters in (4) are known.
The radius of curvature is measured from the actuator bent under
a nonzero input voltage, as given in Fig. 7

- EI
RE1bhy(hy + ha)’

The calculated values of « are then employed to estimate the
force produced at the actuator tip, from the second case:

o =

&)

F= Elbahl(hq + hg)
N L

: (6)

In obtaining (6), we assume that the radius of curvature is
extremely large (1/R ~ 0). It can be inferred from (6) that the
tip force is inversely proportional to the actuator. This follows
that polymer actuators are also suitable for miniaturisation. The
force model described by (6) can be applied to calculate the
force at the tip of a robotic finger shown in Fig. 14. It is worth
noting that the rigid part apparently does not contribute to the
bending of the finger. The equivalent force Finger acting at the
tip of the rigid part is calculated from

L

Fﬁnger = FE (7)
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Fig. 15. Theoretical and experimental force results for the 5-mm actuator (top
plot), the 10-mm actuator (middle plot), and the robotic finger (bottom plot).

V. EXPERIMENTAL VERIFICATION OF FORCE MODEL

Step response experiments were carried out to verify the force
models described by (6) and (7). The numerical values of the
parameters in the force models [16] are:

1) PPy thickness ~; = 0.03 mm;

2) PVDF thickness ho = 0.11 mm;

3) width of the finger b = 1 mm;

4) Young’s modulus of PPy E; = 80 N/mm?;

5) Young’s modulus of PVDF E, = 440 N/mm?.

To verify the force model of the bending actuator with-
out the rigid link described by (6), two samples of the ac-
tuator with the dimensions of 5 mm x 1 mm X 0.17 mm and
10 mm x 1 mm x 0.17 mm are experimented with. Similarly,
to verify the force model of the bending actuator with the rigid
link described by (7), a robotic finger with the dimensions of
(5 +5) mm x 1 mm x 0.17 mm is experimented with. The ex-
perimental and the predicted force results using (6) for the two
actuators, and using (7) for the finger are shown in the top,
middle, and bottom plots of Fig. 15, respectively. These results
demonstrate that the force model is effective enough to predict
the force outputs of the actuator without and with a rigid link
quite well. To the best of our knowledge, this is the first study
to establish an experimentally verified force model for a trilayer
actuator operating in a nonliquid environment.

Experiments were also conducted to characterize the transient
response of the 5 and 10 mm actuators, and of the robotic finger

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 12, NO. 1, FEBRUARY 2007
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under a range of step voltages [19]. The results for the 5-mm
actuator only are shown in Fig. 16 for the sake of brevity.

A closeup of the force responses of the 5-mm actuator in the
first 10 s is shown in Fig. 17. It can be seen from these results
that there is almost no initial delay (time delay) in the response
of the actuator. A change in the force was recorded almost right
after a change in the input voltage. However, the settling time is
quite significant for voltage inputs to reach a steady-state value.
Further, the results indicate that the actuator shows a capacitive
response [5] [23] with a large time constant, which is one of
the main disadvantages of electroactive polymer actuators. To
circumvent this disadvantage, a new trilayer polymer actuator,
which has been fabricated at our polymer research laboratory,
has a time constant of as small as 0.47 s. These results of the
time constants of the trilayer PPy actuators are better than those
of the bilayer PPy actuators presented in the literature [6] [7],
in which the response time was reported to be of the order of
seconds. The synthesis and performance evaluation of the new
faster actuators are reported in [24].
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Fig. 18.  5-mm actuator (fop plot) and 10-mm actuator (bottom plot) bending
against the force measurement lever.

With reference to the results depicted in Fig. 15, there is quite
a good agreement between the experimental and the predicted
results with the input voltages up to 0.8 V for both actuator
samples and up to 0.4 V for the robotic finger. This is due to
the assumption of a negligibly small reciprocal of the radius of
curvature (1/R = 0) on which the force models, (6) and (7), are
based. In fact, force measurement experiments showed that the
curvature does exist when the actuator bends against the force
measurement lever. Such bending is more obvious at higher
input voltages and with longer actuators. This phenomenon is
shown in Fig. 18 for the 10- and 5-mm actuators under step
input voltages of 1.0 V, when bending against the force lever. It
can be seen that the curvature of such bending is negligible for
the 5-mm actuator, but quite obvious for the 10-mm actuator.

VI. NONLINEAR BEHAVIOR OF ACTUATOR

Although polymer actuators have many positive features, they
suffer from nonlinear problems such as hysteresis and creep,
which deserve a comprehensive investigation. It must be kept in
mind that, in the published literature, there are no experimental
or theoretical results demonstrating the nonlinear behavior of
trilayer polymer actuators operating in air.

A. Hysteresis Evaluation for the Robotic Finger

The input voltage in the form of a cyclic triangle signal is ap-
plied to the robotic finger operating in the horizontal plane. The
movement of the actuator sample is recorded after one cycle and
five working cycles by a digital video camera. The tip position
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Fig. 19. X and Y displacements of the robotic finger under a =1 V cyclic
triangle input. (a) Cycle 1. (b) Cycle 5.
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Fig. 20. The voltammetry diagram for the robotic finger under a +-1 V cyclic
triangle input; for the first 5 cycles (A), and for the first 40 cycles (B).

of the robotic finger is defined by X, Y coordinates of the tip as
shown in Fig. 3. The X, Y coordinates of the tip displacement
are provided in Fig. 19, where the hyteresis is not significant.
The output current versus the input voltage curve, known as a
voltammetry diagram, which is recorded for the same sample
to further verify whether the hysteresis is significant, is shown
in Fig. 20. The upper and lower portions of the voltammetry
diagram are known as the oxidation and reduction curves, re-
spectively. If the curves are symmetrical about the horizontal
zero axis, this will indicate no hysteresis [25]. The symmetry
is evident in the curves in Fig. 20, which supports the results
provided in Fig. 19. When compared to the hysteresis results pre-
sented in the literature for a bilayer polymer actuator operating
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t=0s t= 275 s (creep starts)

t = 1800 s (test ends)

Fig. 21.  Photographs of the robotic finger showing the creep starting instant
and the end of creep test for the input voltage of 0.6 V.
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Fig.22. X coordinate of the tip displacement versus time. The creep starts at
A, B, and C for input voltages of 0.2, 0.4, and 0.6 V, respectively.

in an aqueous medium [7], in which the hysteresis was reported
to be 27° bending angle, the hysteresis in our trilayer actuator is
negligibly small. We believe that the reason why our trilayer ac-
tuator shows virtually no hysteresis behavior may have been due
to its symmetrical structure. The reason(s) need to be thoroughly
investigated.

To evaluate the hysteresis repeatability of the actuator, a
voltammetry diagram for 40 cycles, the curves indicated by “B”
was also obtained and presented in Fig. 20, where it is obvious
that the repeatability of the actuator is acceptable.

B. Creep Evaluation for the Robotic Finger

We describe the creep behavior in the conducting polymer
actuator as the change in the tip position of the actuator after the
polymer layers are fully oxidized, i.e., a zero-current output is
recorded from the oxidized polymer layer. The creep observed
for a 0.6 V input is presented in Fig. 21. With reference to
the coordinate frame described in Fig. 3, the tip positions are
identified as the robotic finger continuously bends under the
effect of the step input voltages ranging from 0.2 to 1.0 V. The
variation of the tip coordinates X, Y and the bending angle 6
with time are depicted in Figs. 22-24.
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Fig. 23. Y coordinate of the tip displacement versus time. The creep starts at
A, B, and C for input voltages of 0.2, 0.4, and 0.6 V, respectively.
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Fig.24. Bending angle 0 versus time. The creep starts at A, B, and C for input
voltages of 0.2, 0.4, and 0.6 V, respectively.

The vertical lines across the response curves of 0.2, 0.4, and
0.6 in Figs. 22-24 indicate the instant when the creep starts.
The zero current could not be recorded during the experiment
period for the input voltages of 0.8 and 1.0 V, and hence, the
creep response in these cases could not be fully recorded. When
the experimental creep results of our trilayer actuator operating
in air is compared to the experimental findings reported for a
trilayer polymer actuator (20 mm x 15 mm x 0.013 mm) op-
erating in a 1-M LiClO4 aqueous solution [26], our actuator
shows a nonnegligible creep behavior as opposed to the results
provided in [26]. With reference to Fig. 24, when a zero current
was recorded for a constant 0.6 V after 272.5 s, the bending
angle was measured to be 21.96°.

However, after 1797.5 s the bending angle measured was
27.33°. This follows that the final position of the actuator did
not stay fixed under a zero current.

C. Viscoelastic Model for Creep Behavior of the Robotic Finger

The low-frequency creep response of the robotic finger can
be represented by a system of spring and damper elements,
known as Kelvin—Voigt viscoeleastic model shown in Fig. 25.
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a(t)

Fig. 25. Kelvin—Voigt model for viscoelastic materials.
TABLE I
RMS ESTIMATION ERRORS BETWEEN THE THEORETICAL AND EXPERIMENTAL
RESULTS
Model 02V 04V 0.6 V 0.8V 1.0V
1 0.2154 0.7394 1.9318 5.1842 56.6855
2 0.0483 0.5415 0.3004 1.1743 1.4814
3 0.0479 0.1227 0.2078 0.4380 0.6268
4 0.2154 0.1222 0.1663 0.2081 0.2199
5 0.2154 0.1221 1.9318 0.1756 0.2057

This model was originally proposed to mimic the viscoeleastic
behavior of polymers [27], and later used to predict the creep
behavior of piezoactuators [28], [29].

The transfer function representation of this model is given by

o1t) 1 "1 kit/e

where 6(t) and u(t) are the bending angle and the input volt-
age, respectively. The first term on the right-hand side repre-
sents elastic behavior while the second term, which represents
Kelvin—Voigt elements, models creep behavior. The more the
Kelvin—Voigt elements used in the model, the smaller are the
errors between the estimated and the experimental data points.
The accuracy of the model is evaluated using the root mean
square (RMS) error (shown in Table I for various numbers of
Kelvin—Voigt elements), which is given by

N
1
RMSbending angle — N Z (Hm - 06)12' (9)
=1

The numerical values of the spring and damping parameters in
(8) have been estimated for the input voltages of 0.2, 0.4, 0.6,
0.8, and 1.0 V using a least-square estimation algorithm. The
estimated and experimental bending angle results are shown in
Fig. 26.

The creep behavior of the finger operating in the vertical
plane has also been evaluated to be quite similar. This follows
that the rigid carbon fiber, which is treated as the uniformly
distributed load at the tip of the actuator, does not have much in-
fluence on the creep behavior. The mechanism behind the creep
behavior is mainly due to the osmotic pressure in the oxidized
PPy layer, which is highly populated with the PF ions and
solvent molecules, with reference to (1). Under osmotic pres-
sure, the ions and molecules cannot go back to the other PPy
layer as the input potential is still applied. Hence, they tend to
spread around under the pressure, which results in further bend-
ing of the fully reduced PPy layer, and hence causing creep. This
explanation is in agreement with the postulated explanation re-
ported in the literature by Baughman [9] that the creep could
be due to “electrical self-discharge or intraelectrode dopant re-
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Fig. 26. Experimental and theoretical bending angle results for the finger
operating in the horizontal plane.
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Fig.27. Operation of the two fingers under different input voltages. The results
are obtained 5 min after the voltages are applied.
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Fig. 28.
instants.

Operation of the fingers for a driving voltage of 1.25 V at different

distribution after a fast mechanical response.” In fact, the creep
effect is more apparent with 0.6 V than with 0.2 V or 0.4 V, as
seen in Fig. 26. Future work involves using an ionic electrolyte
with larger molecule diameter and different dopant concentra-
tions such that the cations and solvent molecules do not spread
around much. Our initial experimental results, which will be
reported in another publication, support this explanation.

D. Experimental Results

The gripper was first set up to operate in the horizontal plane
to demonstrate the coordination of the two fingers. Fig. 27 shows
the meeting points of two finger tips of the gripper under input
voltages of 0.5, 0.75, 1.0, and 1.25 V. Except for 1.25-V input,
the meeting points in three other cases of driving voltages do
not lie on the middle line of the gripper. For a driving voltage
of 1.25 V, two finger tips first met each other outside the middle
line. However, it was observed that one finger was pushing
the other such that the meeting point was lying on the middle
line after 3 min, as depicted in Fig. 28.
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Fig. 29. Connection of the gripper electrodes to the eDAQ Potentiostat.
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Fig. 30.  Gripper configuration.

VII. MICROGRIPPING SYSTEM

Two of the robotic fingers are assembled to make a robotic
gripper, which is connected to the eDAQ Potentiostat as shown
in Fig. 29. The gripper is arranged to operate in the verti-
cal plane and grasp an object on a flat surface, as shown
in Fig. 30.

We conducted a set of experiments under step voltages of
0.5, 0.75, 1.0, 1.25, and 1.5 V to quantify the load-carrying
capability of the gripper. For each input voltage, the maximum
load and the payload that the gripper can carry is identified.
The variation of payload-to-gripper-mass ratio with the input
voltage is shown in Fig. 31. The higher is the input voltage, the
heavier is the load that the gripper can carry. The gripper can
carry as much as 50 times more than its mass under a voltage of
1.5 V. We define the payload-to-weight ratio by Wy /W, where
Wo 1is the load carried by the gripper, and W is the weight
of the gripper itself. For the gripper considered, the total mass
of the actuator parts and the rigid parts are 1.94 and 4.9 mg,
respectively.

With reference to Fig. 32

Wo (g

2Ff = Wo, W
nger

2/’LF‘ﬁnger =Wo,=pu=
where Fgnger is the force generated at the tip of the finger.
The experimental Fgpge, results provided in the bottom plot of
Fig. 15 can be used to estimate the friction coefficient p. The
weight W of the object can be interpolated from the experi-
mental data as shown in Fig. 31. Substituting the corresponding
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Fig. 31. Payload-to-gripper mass ratio versus input voltage (fop plot), and
estimated friction coefficient p (bottom plot). The solid line shows the average
value 0.5126 of p.
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Fig. 32.  Gripper handling a spherical object.
w Initial position
Final position
Fig.33. Demonstration of the gripper ability to move an object within a small
distance.

values of F,ger and Wo into (10) gives the estimated values of
1, which have relatively small variations with the applied volt-
age, as shown in the bottom plot of Fig. 31. The average value of
1 can be used to predict the weight to be carried by the gripper
under different input voltages using (10). From the maximum
loads the gripper can handle without any slippage, the friction
coefficient between the object surface, which is industrial type
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tissue paper, and the carbon fiber used to make the rigid part of
each finger can be estimated.

The ability of the gripper to transport an object within a small
distance is also demonstrated. While the gripper was holding the
object, one of its fingers was disconnected from the potentiostat.
The electrodes of that finger were short-circuited to bring the
finger back to its neutral position. In the mean time, the potential
is still applied to the other finger, which pushes the disconnected
finger. The overall effect is to move the object sideways toward
the disconnected finger, as shown in Fig. 33. The input volt-
age was a step voltage of 0.75 V, and the object weight was
about 8 mg.

VIII. CONCLUSION

In this paper, we have presented new experimental and theo-
retical results demonstrating that conducting polymer actuators
have many positive features, which allow them to be used in
making functional robotic devices. We developed and experi-
mentally verified a force output model for a trilayer PPy-type
polymer actuator, and extended this model to estimate the force
at the tip of a rigid link carried by the actuator. We quantified
the nonlinear behavior, i.e., the hysteresis and creep behavior
of the actuator driving a load in order to develop a nonlinear
compensation strategy to improve the positioning accuracy of
the actuator. The experimental results prove that the creep can
cause significant positioning accuracy, if it is not properly iden-
tified and compensated. The hysteresis effect is found to be
negligibly small—which requires further research work in or-
der to completely explain it. As polymers exhibit viscoelastic
behavior, Kelvin—Voigt creep model is employed to mimic the
creep behavior. Immediate future study includes developing and
implementing a motion/position control system, which adjusts
the voltage applied to compensate for positioning the inaccu-
racy. As part of this aim, Kelvin—Voigt model should also be
modified/improved to predict the creep behavior of a loaded
actuator as a function of both time and input voltage. The per-
formance of the microgripping system made up of two fingers
articulated with the actuators is quantified in terms of payload
handling and accurate positioning. Based on the maximum mass
that the gripper can carry, the friction coefficient between the
gripper surface and the object surface are experimentally deter-
mined, which is employed to determine the gripper force. Future
work involves: 1) microfabricating the polymer actuator and the
rigid link, and build more complicated functional devices and
2) using the viscoeleastic model or sensory position feedback
based on laser displacement measurement to compensate for the
creep.
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