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Abstract. Electroactive polymers have attracted considerable attention in recent years due to their sensing
and actuating properties which make them a material of choice for a wide range of applications including
sensors, biomimetic robots, and biomedical micro devices. This paper presents an effective modeling
strategy for nonlinear large deformation (small strains and moderate rotations) dynamic analysis of polymer
actuators. Considering that the complicated electro-chemo-mechanical dynamics of these actuators is a
drawback for their application in functional devices, establishing a mathematical model which can
effectively predict the actuator’s dynamic behavior can be of paramount importance. To effectively predict
the actuator’s dynamic behavior, a comprehensive mathematical model is proposed correlating the input
voltage and the output bending displacement of polymer actuators. The proposed model, which is based on
the rigid finite element (RFE) method, consists of two parts, namely electrical and mechanical models. The
former is comprised of a ladder network of discrete resistive-capacitive components similar to the network
used to model transmission lines, while the latter describes the actuator as a system of rigid links connected
by spring-damping elements (sdes). Both electrical and mechanical components are validated through
experimental results.
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1. Introduction

Electroactive polymers (EAPS) are relatively a new and remarkable class of materials which
can be used both as sensors and actuators (Bar-Cohen 2001). Conductive polymers (CP), and ionic
metal polymer composites (IPMC) are categorized as electroactive polymeric materials which
exhibit interesting sensing and actuating behaviors (Smela 2003). They are among the best
candidates for use in solar cells, sensors, and actuators (Otero and Teresa 2001, Wallace et al.
2003). Due to their (i) large strains of up to 39%, (ii) bio-compatibility, (iii) micro- and nano-scale
manufacturing feasibility and, (iv) relatively low actuation voltages (Madden et al. 2004, Jager et
al. 2000, Smela 2003, Shahinpoor et al. 2007, Hara et al. 2005, Carpi and Smela 2009) EAPs are
candidate materials for the state of the art applications in an array of devices ranging from
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biomedical appliances through artificial organs to micro-electro-mechanical systems (MEMS).

There are also many reports in the literature about the potential applications of electroactive
polymers in different robotic systems. (Chen et al. 2010) reported the modeling of a robotic fish
propelled by an ionic polymer-metal composite actuator. (Bar-Cohen et al. 1998) presented several
EAP driven mechanisms that emulate human hand including a gripper, a manipulator arm, and a
surface wiper. (Jager et al. 2000) extensively reviewed the current progress of micro actuators
based on EAPs, describing the micro fabrication of these actuators plus their possible applications
in micro systems. (Amiri Moghadam ef al 2011a) proposed the application of adaptive
neuro-fuzzy inference systems (ANFIS) in kinematic modeling of a soft micro robot based on
conjugated polymer actuators.

Based on different fabrication methods, three different configurations of the actuators can be
obtained, namely (i) linear extenders, (ii) bilayer benders, and (iii) trilayer benders (Della et al.
1997, Smela et al. 1995, Kaneto et al. 1995). The main process which is responsible for volumetric
change and the resulting actuation ability of the conjugated polymer actuators is
reduction/oxidation (RedOx). By applying a voltage to the actuator, the electroactive polypyrrole
(PPy) layer on the anode side is oxidized while that on the cathode side is reduced. lons can
transfer inside the conjugated polymer actuators based on two main mechanisms of diffusion and
drift (Madden 2000). Trilayer polypyrrole actuators, which can operate both in air and liquid
environments, are promising materials for applications in micromanipulation systems (Wu et al.
2006, John et al. 2008).

There are several models in the literature for predicting the behavior and the performance of
PPy actuators. According to the literature, the existing models of PPy actuators can be classified
into two groups: static and dynamic. Most of the available models in the literature of conductive
polymer actuators focus on static operating conditions (Della et al. 1997, Christophersen et al.
2006, Du et al. 2010). Although the static models provide insight into the steady-state analysis of
conductive polymer actuators, the design of advanced control systems (Torabi and Amiri
Moghadam 2012, Amiri Moghadam et a/. 2010) and functional devices based on PPy actuators
requires dynamic modeling approaches. Thus, the current work extensively focuses on the
development of dynamic models for PPy actuators. To study the existing dynamic models, four
key factors have been considered: (i) use of physic-based modeling method, (ii) consideration of
electrical dynamics, (iii) mechanical dynamics, and (iv) large deformation. These factors play a
significant role in the development of dynamic models of PPy actuators, and a model which
incorporates all of these factors can predict the performance of PPy actuators more realistically. As
the first factor, the physic-based models can be defined as models which are based on physical
principles, and in this sense they are superior to black box models which are merely based on data
mapping. The next two parameters including (i) the electrical, and (ii) the mechanical dynamic
models establish a proper mathematical relation between the input voltage and the output
displacement of polymer actuators.

The electrical dynamic or admittance model relates the current, and, therefore, the transferred
charge to the input voltage. It is known that the induced actuation force in PPy actuators is directly
related to the transferred charge to the actuator. Thus, an electrical admittance model is a necessary
component for comprehensive dynamic modeling of PPy actuators. Moreover, mechanical
dynamics relate the transferred charge to the bending deformation of PPy actuators, and take into
account the mechanical vibration of the actuator. It is evident that a dynamic model which
incorporates mechanical dynamics of the actuator can predict the natural frequency of the actuator,
and, therefore, can predict the actuator performance in a wider frequency range.
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Generally, models which do not take into account both electrical and mechanical dynamics
cannot perfectly predict the performance of the PPy actuators and therefore, have a limited
application. In our recent work (Amiri Moghadam et al. 2012), it was shown that the inclusion of
both electrical and mechanical dynamic models is necessary for successful modeling and robust
position control of robotic systems based on PPy actuators. The last parameter, the large bending
deformation, is the missing part in most of the existing dynamic models. Table 1 compares the
available dynamic models in predicting the performance of PPy actuators. It can be seen that there
are limited contributions for the comprehensive analysis of conductive polymer actuators, in the
sense that most of the existing models use an equivalent electrical circuit to emulate the electrical
admittance of the actuator, ignoring the mechanical dynamics (Madden 2000, Madden 2003,
Bowers 2004, Fang ef al. 2008a, b, Shoa et al. 2010, Shoa et al. 2011, Nguyena 2012). It should be
noted that the assumption of constant curvature in these models, only holds for the case of
relatively small bending deformation and cannot be applied to the case of large bending
deformation. Although the model by (John ef al. 2010) can predict the mechanical dynamics of the
actuator, it is a black box model which cannot establish a relation between the model and the
physical parameters of the actuator and, therefore, has a limited application.

Recently, we have proposed two different approaches for dynamic modeling of trilayer
polypyrrole bending actuators, which consider both electrical and mechanical dynamics (Amiri
Moghadam ef al. 2011b, 2012, Amiri Moghadam 2012). In the first method, Madden’s diffusive
elastic metal model (DEM) (Madden 2000) has been further developed by adding a proper
mechanical dynamic model based on the finite element technique (Amiri Moghadam et al. 2011b).
On the other hand, in the second approach, named as analytical-multi-domain-dynamic (AMDD),
a complete analytical dynamic model has been proposed (Amiri Moghadam et al. 2011c¢), in which
the electrical admittance model of the actuator is obtained based on a distributed RC line, and an
effective mechanical dynamic model is derived based on the Hamilton’s principle. A common
property among the described modeling strategies is that they cannot take into account the
geometric nonlinearity of the actuator, whereas, the use of these actuators in functional devices
requires nonlinear large deformation dynamic analysis of the system. Addressing the large
deformation of polymer actuators, (Mutlu et al. 2013a) proposed a kinematic model based on
backbone carve theory which considers the PPy actuator as a significant number of rigid links
connected by revolute joints. This model, however, cannot take into account either electrical or
mechanical dynamics of PPy actuators. Subsequently, in another work (Mutlu ef al. 2013b), they
extended this model by incorporating mechanical dynamics into it. However, this model cannot
take into account an electrical admittance of the actuator and instead requires an experimental
measuring of the blocking force of the polymer actuators. Moreover, the main assumption for
derivation of the induced actuation force in the model is that there is no voltage drop along the
length of actuator (Amiri Moghadam et a/. 2010). This assumption is only true when the actuator
is relatively small and, therefore, limits the application of the model. Addressing some deficiencies
mentioned and using the rigid finite element (RFE) method, the current work proposes a dynamic
model for the large deformation (small strains and moderate rotations) dynamic analysis of
polymer actuators. This has been performed by establishing a mathematical relation between the
input voltage and the output bending displacement of the polymer actuator, considering both
electrical admittance and mechanical dynamics of the actuators simultaneously. In contrast to the
classical finite element method (FEM), the RFE method discretizes the flexible links into rigid
elements, which facilitates the representation of the inertial features of the body. These elements
are connected by means of spring-damping elements (SDEs) (Wittbrodt ez al. 2006).
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Table 1 The comparison of existing dynamic models in predicting the performance of PPy actuators

Electrical Mechanical Large

Authors Physics-based Dynamics Dynamics Deformation

Current work

Mutlu ef al. 2013b

Nguyen et al. 2012

Amiri Moghadam et al. 2011c
Amiri Moghadam et al.  2011b
Shoa et al. 2011

Shoa et al. 2010

Fang et al. 2008b

Fang et al. 2008a

Bowers 2003

Madden 2003

Madden 2000
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There are several other advantages in applying the RFE method (Wittbrodt ef al. 2006) such as
(i) simplicity, reflected in the description of flexible links as a system of rigid links connected by
sdes, (ii)) employment of a uniform approach to model rigid and flexible links, (iii) numerical
efficiency, and (iv) applicability for the analysis of both small and large deformations. Based on
these advantages, we extend the RFE method to emulate the dynamic of polymer actuators, with
the actuator being replaced with a set of rigid elements which are connected by means of sdes and
controlled by a separate electrical model. In effect, the electrical characteristic of each element is
derived based on the ladder network of discrete resistive-capacitive components, with the induced
electrochemical moment which acts at each sdes being considered as a linear function of
transferred charges to the element. Through numerical simulations, it has been shown that the
proposed model works consistently for the experimental data and significantly predicts the
behavior of the actuator.

The remainder of the paper has been organized as follows. In Section 2, trilayer PPy actuators
are introduced and the synthesis of the polymer actuator has been described. Section 3 presents a
dynamic analysis of polymer actuators based on the RFE method proposed. Section 4 validates the
model through comparing the experimental results with those generated by the simulation.
Concluding g remarks are given in Section 5.

2. Trilayer polypyrrole (PPy) actuators

Trilayer conjugated polymer actuators were electrochemically synthesized and studied for this
research. The constitution and geometry of these actuators is depicted in Fig. 1. The actuator
consists of a middle porous Polyvinylidene Fluoride (PVDF) layer, which is used as a storage tank
for the electrolyte, sandwiched between two PPy layers (Kaynak et al. 2011).

The main process responsible for volumetric change of the conjugated polymer actuator is a
RedOx reaction. Upon oxidization the PPy layer on the anode side expands, whereas under the
same condition, the PPy layer on the cathode side contracts and is reduced as a result. It is this
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difference in volume which leads to the bending of the actuator.
2.1 Synthesis of the polymer actuator

Electrochemical polymerization is performed galvanostatically by anodic oxidation of a
solution containing the pyrrole monomer and Tetrabutylammonium hexaflurophosphate (TBAPFj)
as the dopant in an organic solvent of propylene carbonate (PC). The electrochemical method
offers a better control of electrical and mechanical properties (Unsworth et al. 1992). Porous
polyvinylidene fluoride (PVDF) membranes obtained from Sigma (type) were first vacuum coated
with gold using a Balzers sputter coater for 300 seconds. These are used as the working electrode.

A fine stainless steel wire mesh (fine 250) is used as the counter electrode. The deposition of
the conducting PPy layer is performed using an electrochemical polymerization cell (Fig. 2) at a
constant current density of 0.05 mAcm™ for a period of 12 hours at -10°C. The lower synthesis
temperature is found to result in smoother surface morphology and lower surface resistivity
(Kaynak 1997). Low temperature electrochemical polymerization results in slower monomer
migration in solution. This may slow the oxidation rate of the monomer and polymerization of the
anode, thus resulting in smoother surface morphology with lower average surface roughness
values (Kaynak 1997).

Reduced State Oxidized State

Gold

Fig. 1 The diagram of a three-layer polypyrrole actuator
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Fig. 2 Electrochemical polymerization cell for fabrication of conductive polymer actuators



1606  Amir Ali Amiri Moghadam, Abbas Kouzani, Reza Zamani, Kevin Magniez and Akif Kaynak

The constant current is maintained by using EG&G Princeton Applied Research Model 363
potentiostat/galvanostat. The actuator is rinsed with the polycarbonate solution containing 0.05M
TBA" PF¢, and stored in the same solution. Fig. 2 presents the electrochemical polymerization cell
which was used to synthesize the polymer actuator.

Fig. 3 shows an SEM image of the cross section of the PC/PF6 actuator. The PPy layer is about
10 um thick and the PVDF membrane thickness is approximately 80 um. The gold layer between
the PVDF and PPy layers being less than 100 nm thick, was not only too thin but also lacked
distinct morphological features to distinguish it in this image. Fig. 4 shows the typical nodular
surface morphology of the polypyrrole films that appears on the top and bottom surfaces of the 3
layer actuator. As can be seen in Fig. 4, the surface morphology of this electrochemically
synthesized actuator possesses the typical dendritic morphology of PPy films deposited for
prolonged times and/or high reactant concentrations (Kaynak 1997). Atomic force microscopy
studies have shown that average surface roughness of electrochemically synthesized PPy films
increases with dopant concentration, current density, temperature and the duration of deposition
(Kaynak 1997).

EHT =10.00 kv Signal A = InLens Date :12 Nov 2013
WD = 2.5 mm Photo No. = 3807 Time :12:34:24
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Fig. 4 The SEM image of surface morphology of the polymer actuator, Magnification 25,000X
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3. The electromechanical modeling

The electromechanical model used in this paper is comprised of both electrical and mechanical
models, and each of these two components is discussed in a separate sub-section

3.1 The electrical modeling

An electrical circuit has been used to model the electrochemical process within the conductive
polymer actuator. The electrical charge can be stored within the actuator which is analogous to a
capacitance element in an electrical circuit. Additionally, the energy loss in the actuator can be
modeled as an electrical resistance. This explains the reason why, in the literature, the simplest
lumped electrical model which can describe the electrochemical process within the conductive
polymer actuators is an RC circuit (Madden 2000). It has been shown that the major mechanism
which is responsible for ion transport within the conductive polymer actuator is diffusion (Daum et
al. 1980). Considering the above assumption, (Madden 2003) proposed a continuum electrical
admittance model for polymer actuators which is known as the diffusive elastic metal model
(DEM). (Fang et al. 2008a) obtained the electrical admittance model of trilayer polymer actuators
utilizing DEM.

Several authors have proposed that the transport of ions within the polymer can be modeled by
a finite transmission line (Amemiya et al. 1993, Warren 2005, Tso et al. 2007, Punning 2007, Kaal
et al. 2010, Haus et al. 2013). In our previous work, we have demonstrated that a finite RC
transmission line can model the electrical admittance of the trilayer polymer actuators (Amiri
Moghadam et al. 2011c¢) and it resembles Madden’s diffusive elastic metal model (Madden 2000).
However, the main issue regarding our previous work is that it can only emulate the ion movement
through the thickness of PPy actuators. In other words, this model assumes that there is no voltage
drop along the length of the polymer actuator. However, this assumption holds only for relatively
small actuators. The direct consequence of this assumption is that the actuators model always
bends as a perfectly circular curve (constant-curvature). However, experimental observation in the
current work shows that the curvature of the actuator decreases along its length, away from the
power source, suggesting that there is a drop of potential along the length of the actuator due to the
surface resistance of the PPy layers. With this in mind, in the current work we utilize a discrete
electrical circuit model to emulate the electrical admittance of the actuator with consideration of
voltage drop along the actuator length. Fig. 5 shows the proposed electrical model which is a
ladder network of discrete resistive-capacitive components. It is evident that, when the number of
used elements in the model moves towards infinity, the proposed model will be transformed to a
transmission line model. The discrete representation of the actuator facilitates the RFE modeling
with respect to fully consider both electrical and mechanical characteristics of the corresponding
elements.

According to Fig. 5, resistances 7, and r, in each element represent the surface resistance of top
and bottom polypyrrole layers, respectively. Although the resistance values for the top and bottom
PPy layers should not have any significant difference, different resistance variables are
incorporated into the model to cater for coatings of different thickness and conductivity values. In
our experiments, the positioning of the sample in the electrochemical cell and careful monitoring
of the electrochemical parameters enabled a uniform coating on both sides of the PVDF film and
hence there were no significant difference in the resistance values. These two parameters clearly
account for voltage drop along the length of the actuators. Moreover, resistance R, and capacitance
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¢ emulate the dynamic of ions movement through the thickness of the actuators. For the sake of
simplicity, the discrete electrical network in Fig. 5 can be transferred into its equivalent model in
Fig. 6 by replacing R;= r,+r,. According to Fig. 6 and Kirchhoff’s and Ohm’s laws, one can
analyze the electrical model of the actuator based on following sets of recursive equations

LS N
V(i+l) — V(l) _IS-H) Rl (1)
I =V IR, +1/ cs)

where, s is Laplace variable, ¥ @ is the voltage of i" element, 12) is the current that passes

through the resistor R; in i element, and [ ,(,[) is the current that follows through c-R, branch in i

element.

It is important to include an electrical resistance along the length of the sample to generalize
our model so that any potential drop along the sample is taken into account. For example for the
cases where there is no gold layer in the actuator or the actuator is relatively long, there would be a
significant potential drop along the actuator length (Shoa et al. 2010, 2011). The gold coating is
performed on the porous surface of PVD, and as a result there may be discontinuities in gold
coating which may result in lower resistivity than anticipated. The gold layer is deposited on the
PVDF film and situated underneath the PPy layer, while the electrical contacts are attached to the
outer PPy surface
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Fig. 6 Simplified discrete electrical network model of the polymer actuator
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Considering that five elements are used for simulation of the electrical model, the electrical
admittance of the actuator is

L _ 77SS5 "'77454 +773S3 +77252 + s
”

in

2

1sS” + 1,8" + 10,8 + g8 + g5 +1

where, I, is the total current in the equivalent electrical circuits, and model parameters are presented in the

Appendix. Furthermore, the charging current in each element can be obtained as

1 5 4 3 2
115) _/151s + A, S+ A8+ A, 8T+ A8

3a
Vi 1s8” + pays" + 8™ + 1,8+ pys +1 o
I 28"+ Ay S" 4 A8 + ApS” + s (3b)
Ve is8” + s+ p58” + 18" + s +1
]}/3> _ Asy s+ A st 13353 + /1235‘2 + A58 39)
Vi 18+ 18"+ 18’ + p08" + ps +1
P _ Aoy 8"+ Ay 8+ 8™ + A, 8" + A8 (34)
Vi 158”18+ p18™ + 18" + s +1
1Y s § + Ay 8T+ A8 + Aye8” + A4S Go)

7

in

Uss” + 1,8t + 108” + 18" + s +1

where the model parameters are presented in the appendix. It must be noted that resistance R; can
be measured experimentally according to the surface resistance of polypyrrole layers. Through
experimental measurements, the resistivity of the polypyrrole layers is obtained to be 8.8333 x10~
Qm which is in the typical range (Fang et al. 2008a). Based on this value, it is straightforward to
obtain the value of R; as follows

L
Rl = (ptop + pbottom)T =159 Q (4)

PPy

where p, ~and p,,,, are resistivity of the top and the bottom polypyrrole layers, respectively,
and 7 is number of used terms in the electrical model. Moreover, L, b, and A ppy A€ length, width,

and thickness of polypyrrole layer respectively. Parameters R, and ¢ are identified by means of
simulated annealing method which is one of the most efficient random search algorithms for
obtaining the global minimum (Collins et al. 1988). The error signal is defined as the difference
between the experimental and simulated current output of the actuator, and consequently the
objective function is defined as the integral of squared relative error. Moreover, the vector of
unknown parameters 7Y is defined as

v =[R,.c]’ (5)
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Fig. 7 Convergence of the objective function based on the simulated annealing algorithm

According to Fig. 7, it can be observed that the objective function converges after
approximately 150 iterations, and unknown parameters are identified to be R,= 1530 Q and
¢=0.0013 F.

3.2 The mechanical modeling

In contrary to the electrical model which relates the current to the stored charges, the
mechanical model relates the stored charges to the bending displacement of the PPy actuators. As
stated earlier, three-layer polymer actuators can bend based on the expansion and contraction of
the top and bottom layers, with the induced levels of stress in the expanded and contracted layers
being assumed to be the same but in the opposite directions. The basic idea in the mechanical
modeling part is to consider the polymer actuator as a discretized system which consists of rigid
finite elements (rfes) connected by spring—damping elements (sdes), in which each rigid finite

element moves based on the induced electrochemical moment, denoted by M) acting at rfe”.

As shown in Fig. 8, the actuator is divided into (n+1) rfes and (n) sdes. The components rfe(” and

rfe(H) are considered to be connected by means of revolute joint atsde'” . Moreover, sdes

comprise of rotational stiffness (k7)) and damping elements (c'”). These parameters will be
introduced later in this section. It has been experimentally shown that the induced electrochemical
strain in polymer actuators is linearly related to the density of the transferred charges (Madden
2000). Moreover, the induced electrochemical moment is a linear function of transferred charges to
the actuator (Amiri Moghadam 2011b). That is why we have defined the induced electrochemical
moment in the i element as follows.

M@ =a | 1) dr (6)

where ¢« is the moment-to-charge ratio.
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Fig. 8 The discretization of a three-layer PPy actuator into rfes and sdes
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Fig. 9 The frame assignment for rfes and sdes

Now the motion of components (rfes) can be studied by assigning suitable generalized
coordinates to them. According to Fig. 9, the coordinate system {X (i)} and {Y (i)} are attached

to rfe” and sde . Tt must be noted that the orientation of the coordinate system {Y (i)}
coincides with the coordinate system {X S } Thus, the transformation matrix which defines the

frame {X (i)} relative to the frame {X (H)} is expressed as
cos(p”) —sin(p?) d¥
B® =|sin(p®) cos(p®) 0 (7)
0 0 1
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where, ¢(i) is the angle between these two frames. Considering that the actuator has a length of L

and it has been divided into (n+7) rfes, the value of d can be calculated through the following
relation.

dV=L/2n, d"=L/n i=23,....n. (8)

With this in mind, the transformation matrix which defines the frame {X (i)} relative to the
frame {X(O)} is

B =B"B® ... B i=12,...,n. )

Consequently, the position of any particle dm in I’fe(i)With respect to the frame {X (0)} is

defined as

r? =BYF"  i=12,...,n (10)

where T =[¥" %"1]" and r"”’ =[x" x{"1]" are the position vector of the particle dm

relative to frame {X @ } and {X © }, respectively. Therefore, the kinetic energy of the particle dm
is represented as

. 1 . . . ~ T .
dr®? :Etr {r“)r(’) }dm(’) i=1,2,....n. (11)

It follows that the kinetic energy of the 7fe'” is obtained as

i 1 - (i) o (i n_ 1 5 () = () =) )T i
T(z)ZE J.”’ {l'(l)l'()r}dm()zz IIV{B()Y()F()TB() }dm()
m® m®

1 » [T I B | P
= B(l{ jr“)r“) dm(’)}B(’)T = {B(”H(’)B(”T} i=1,2,...,n.  (12)

(D
where H"is the pseudo-inertia matrix, which is defined as
HY = IF(i)F(i)Tdm(i) i=12,...,n. (13)
o)
Thus, the kinetic energy can be rewritten as

70 :EW{BO) H® B® } i=12,...,n. (14)

Finally, the kinetic energy of the actuator is determined by summing over all rfes
T=>T1T" (15)
i=1

The potential energy of the rotational springs at sdes is expressed as
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n 1 ) T2
V=>—k"]p" 16
>k o] (16)
where k" is the coefficient of rotational stiffness.

D=3 [p°] a7
i=1

where ¢ is the coefficient of rotational damping. The parameter of sdes (i.e., rotational stiffness

and damping coefficients) can be obtained from analyzing a beam section with the length of AL
(Wittbrodt et al. 2006). The value of stress along the segment 4L can be calculated through the
following relation.

ot)=Ece(t)+ne(t) (18)

In this relation, &(¢#) is the strain rate, £ is the Young’s modulus, and 77is the normal

damping material constant. Fig. 10 shows the bending deformation of the beam segment and its
equivalent sde. According to this figure, the value of the strain can be calculated as

_yAg
S(f)——AL (19)

Thus, the bending moment can be obtained as

Ey*A 2AG
M(t)zjy—edA+JMdA (20)
" AL " AL
where, 4 is the area of beam cross-section. By integrating the above equation we obtain
El I
M) =22 A0+ b @1)
AL AL

where, / is the area moment of inertia of the beam. Moreover the bending moment in equivalent
sde is

M) =kDAO+cDAO (22)

It must be noted that when 4L is equal to the element length (L/n), the bending angle A€

becomes equal to (p(i) and therefore, by comparing Eqs. (21) and (22), parameters of sde are
defined as (Wittbrodt et al. 2006)

g0 ~NEL (23a)
L
o _hnl
c’'=— 23b
I (23b)

The virtual work which is done by induced electro chemical moment is defined as
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Fig. 10 Bending deformation: (a) beam segment, (b) equivalent spring-damping element
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Thus, the generalized forces (Q"”) is obtained as

oY =M@Y i=1,2,....n.

24

(25)

Next, based on Lagrange’s equations, the discrete set of equations that describe the dynamic of

the actuator is derived as follows
T T D ;
i a_ _a_+a_V+a—.=Q(l) i=12,...,n.
dt\0q; ) 0q, 0Oq;, 04,
where the vector of generalized coordinates, (, is defined as

2 (n)]T

q=[¢", 0? ....0

Finally, the equations of motion can be rewritten in the compact matrix form as
A()q+e(q,4.)+Cq+Kq=Q(?)
Where

T
n *) *)
A()=1a;), a;= D, 1 aB_H(k)[aB J

k=max{i,} g, aqj
oB™® £k Pt !
e(qaq:t)z {ei}a ei = tr —H(k) q q
kz aq, ;,Z‘ 0q,0q, """’

C =diag {c(l),c(z),...,c(")}

(26)

27)

(28)

(29)

(30)

€2))
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K =diag {k©,k® ...,k 32)

4. Comparison of experimental and simulation results

For validating the model, we compared the experimental results with those generated as a result
of predicting the behavior of the actuator by the model. For this purpose, as shown in Fig. 11, a 0.1
mm x 2 mm X 18 mm PC/PF6 actuator was employed, and a known voltage was supplied to the
actuator by means of a potentiostat. To make the validation more accurate and robust, both square
and sine input voltage waves were employed. The waves were generated, through a function
generator, and supplied to the actuator. A Keithley 2400 source meter was used to measure the
current output of the actuator, and the actuator motion was recorded by a Canon full frame digital
camera fitted with a macro lens. Numerical simulations were performed using MATLAB software.
Since the proposed model is comprised of electrical and mechanical parts, both current and
displacement outputs of the actuator were measured so that both electrical and mechanical models
can be validated.

For both square and sine input voltage waves, five elements were considered for the simulation

of the electrical model. Considering the charging current in each element, (/”), the total output
current of the actuator (/, = ZI ') was calculated. First, the response of the actuator to the
i=1

square wave input voltage was measured. Fig. 12 shows the charging current in each element. It is
worth mentioning that the curvature of the actuator decreases (Fig. 11) along its length, away from
the power source, suggesting that there is a drop of potential along the length of the actuator due to
the surface resistance of the PPy. Based on this observation, we used a discrete set of resistors and
capacitors to model the electrical admittance of the actuator. Fig. 12 shows that the element closest
to the power source has the highest current. Conversely, the element furthest away from the power
source has the lowest current. The charging current in turn, exhibits an exponential decrease with
time as our model is based on ladder network of discrete resistive-capacitive components. Fig. 13
compares the overall current of the theoretical model with the experimental current. It can be seen
that the model shows a good match with the experimental results. Moreover, a sine wave input
voltage can be used to further analyze the electrical model.

=

=

Fig. 11 Frame assignment and bending deformation of PC/PF6 actuator
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Fig. 14 shows the charging current in each element and Fig. 15 compares the overall current of the
theoretical model against the experimentally measured current. It can be seen that the shape of
theoretical current is almost the same as the shape of the experimental current and is in agreement
with experimental data. However, the experimental current shows a slight distortion from the ideal
sine-wave shape indicating that the current voltage relation can be nonlinear. In our future work,
this can be investigated thoroughly, examining the application of sophisticated nonlinear circuits
for analyzing the actuator electrical model.

x10°

1911

~o 1 2 3
Time [s]

Fig. 12 The simulated current through each C-R, branch ( I(,i))

rrent [A]

Time [s]

Fig. 13 The comparison of overall simulated current of polymer actuator and experimental current under
the square wave input voltage

x10°
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Fig. 14 The simulated current through each C-R, branch ( I(,i))
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Fig. 16 Five degrees of freedom RFE mechanical model of the actuator
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Fig. 17 The actuator tip distance from the origin of the Cartesian coordinate system

Now, let us examine the bending displacement of the actuator. According to Fig. 16, a
mechanical model with 5 degrees of freedom (DOF) was utilized for simulation purpose. Large
bending deformations of up to 6 mm were observed in experimental data. Thus, we studied the
convergence of the mechanical model for predicting a 6 mm bending displacement. For this
purpose, the actuator tip distance from the origin of the Cartesian coordinate system for using
different numbers of elements was calculated. It can be seen from Fig. 17 that the mechanical
model converges as the number of elements increases. However, the increase in the number of
elements amplifies the computational load. Thus, a model with 5 DOF which shows an
approximate convergence was utilized for numerical simulations.
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In validating the mechanical model, again both square and sine input voltage waves were
considered. In this validation, the bending angle in each element ((o(i)) and the bending

displacement of the actuator tip were calculated. First, the results for the square wave input voltage
is presented. Fig. 18 shows the bending angle in each element and Fig. 19 shows the comparison
of the overall simulated actuator tip displacement and experimental bending displacements. It can
be observed that the simulation results are in a good agreement with experimental data. Similar to
the electrical model, it can be seen that the bending angle decreases along the length of the actuator.
Element 1 being closest to the power source has the largest bending angle whereas Element 5
being furthest away from the power source has the smallest bending angle.

The mechanical model can be further analyzed in response to a sine wave input voltage. Fig. 20
shows the bending angle in each element and Fig. 21 shows a comparison of the overall simulated
actuator tip displacement and experimental bending displacements. It can be observed that the
simulation results are in good agreement with experimental data.

Element 1
Element 2
Element 3
Element 4
— Element5

01p

-0.1F

. . . . ,
0 1 2 3 4 5 6
Time [s]

Fig. 18 The bending angle associated with each element ( (0([) )

1751 ~

17F -

Distance from the Origin [mm]

16501 . . . . . I . .
2 3 4 5 6 7 8 9 10
Degrees of Freedom

Fig. 19 The comparison of the results produced by the overall theoretical model against the experimental
bending displacement of the actuator tip in response to the square wave input voltage
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Fig. 20 The bending angle associated with each element (¢(i) )
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Fig. 21 The comparison of the results produced by the overall theoretical model against the experimental
bending displacement of the actuator tip in response to the sine wave input voltage

Since the proposed modeling approach takes into account mechanical dynamics of the actuator, it
would be interesting to study the frequency domain response of the actuator. Fundamental natural
frequency of the actuator was observed to be around 39.5 Hz. Figs. 22 and 23 show the bending
angle in each element and bending displacement of the actuator model in response to a sine wave
input voltage with the frequency of 39.5 Hz. According to these figures, it is evident that the
amplitude of the vibration increases at the fundamental natural frequency of the actuator which is
consistent with the experimental data. As it is anticipated, at fundamental natural frequency, the
role of mechanical dynamic model becomes dominant, in which case the inertial effects to the
bending angle are taken into account. The large deviation of each subsequent element is due to the
dominant role of the mechanical inertial dynamics. This is a reasonable outcome as inertial effects
of each element cumulatively contribute to bending angle from tip towards the fixed end of the
actuator.
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Moreover, Fig. 24 compares theoretical and experimental magnitude Bode plot of the actuator.
It is evident that the theoretical model can predict the frequency response of the actuator well. A
point worth noticing is that, as the frequency is increased, the displacement is decreased. This may
be attributed to the slowing down of the rate of diffusion of PFs and solvent ions at higher
frequencies through the PVDF, between polypyrrole layers.

5. Conclusions

With a wide scope of applications of polymer actuators from biomimetic robots through
biomedical microdevices to artificial organs, the study of their behavior under different shape of
voltages is of paramount importance. In this paper, a nonlinear dynamic model for analysis of large
bending deformation (small strains and moderate rotations) of polymer actuators was proposed.
The model establishes a mathematical relation between the input voltage and the output bending
displacement of the polymer actuator. The effectiveness of the model arises from integrating a
ladder network of discrete components with the rigid finite element (RFE) method. The modeling
technique based on RFE provides a unified approach to analyze micro robotic systems which
consist of both flexible polymer links and rigid links. This important feature, will enhance design
and modeling of functional devices based on conductive polymer actuators. The proposed model
can be considered as a step forward towards understanding the large deformation dynamic
behavior of conducting polymer actuators based on their physical parameters. It must be noted that
the proposed modeling strategy can be simply extended to other polymer actuators such as ionic
polymer conductor network composite (IPCNC) actuators with some modifications in the
electrical dynamic model (Amiri Moghadam et al. 2014).

Simulation results for both square and sine wave input voltages indicate that both electrical and
mechanical models are in good agreement with the experimental data. Moreover, frequency
domain analysis of the actuator indicates that the proposed model can predict natural frequency
and frequency response of the actuator well. The type of nonlinearity which was considered in this
work was geometric nonlinearity (i.e., large deformation). However, other sources of nonlinearities
can be observed in polymer actuators. For instance, in the electrical domain, the relation between
the current and voltage is nonlinear and in the mechanical domain, there is a material nonlinearity.
In our future work, other sources of nonlinearities can be observed and the current model can be
enhanced to handle other cases.
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