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Dynamic Modeling and Simulation of Ionic Polymer Metal Composites (IPMC)
Actuated Manipulator
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Abstract: Ionic Polymer Metal Composites (IPMC) are soft and flexible materials that can produce large bending
when low voltage is applied to them. This bending motion in parallel configuration enables the material to
produce actuating force at the tip of the material strips. This characteristic of IPMCmakes these materials
suitable for multiple applications in industrial, medical, biological and biomimetic fields. In this study four
different contributions are made. Firstly, a complete dynamic model has been developedtopropose the 1onic
polymer metal composites as an actuating link for a two link bionic linkage of a manipulator as there was no
such model before. The equations of motion are derived by using Lagrangian mechanicsfortheionic polymer
metal compositeactuated two links manipulator joint. Secondly, a pair of ionic polymer metal composite strips
1s proposed as the actuating link to cater for the low force generation. Thirdly, the finite difference method 15
utilized for the solution of the model. Finally, the performance of the model is examined with numerical
simulationsbuilt on time and frequency based simulation results for three different cases. Since, the amm of the
model is to design a physical linkage where the force for the physical joint is provided by TPMC, therefore, the
effect of mcreasing the mass of the second linksecond link has been analyzed with the same material properties
comprising the initial link. Our results indicate that the mass of the second link is inversely proportional to the
angle moved by it, whereas the kinetic and potential energies are directly proportional. Link-2 lags in time
interval as compared to link-1, since link-1 is the driving link. The frequency-based analysis exposed that
mcreasing mass of the link causes an increase n the vibrating frequency. These results anticipatethat ionic
polymer metal composite has sufficient potential to provide the force for the movements of manipulator links
and can be employed to micro-scaled, multiple-joint mampulators to open a gateway forpractical purposes.

Key words: Dynamic modeling, ionic polymer metal composite, biome jomt, flexible inkage, electro active
polymer, finite difference method, wolfram mathematica

INTRODUCTION underwater applications and dynamics in any direction

(Takenaka et al., 1982, Punning et al., 2009). They

The processes, physical systems and devices and
the resultant models that are inspired and developed after
the analysis of nature are named as “biomimetic”. Due to
the research and development in the field of automation,
lightweight and energy-efficientrobotic structures have
been mcreasingly comprehended for tasks in medical,
industrial and special-purposemilitary  performances
(Shahimpoor and Kim, 2005; Kim ef af., 2009).

Flexible actuators are good contenders for
micromimaturized devices. lonme Polymer Metal composite
(TPMC) is an Electroactive Polymer (EAP) and has
attracted several researchers for application in many
medical and industrial fields (Nemat-Nasser and Li, 2000,
Bonomo et al., 2006). IPMCs are hight-weighed, flexible,
swiftly actuated, active at low voltage, efficient in

possess high toughness with enormous actuation strain
and mitrinsic vibration hampering. These properties of
IPMC make themsuitable for utilization in microminiatured
devices.

The major portion of an IPMC consists of a polymer
membrane which 15 coated with thin metallic layers on
both sides. Under a suddenly applied step function (1 to
3 Volt), the IPMC displays a fast bending motion towards
the anode followed by a slow relaxation (Wu and
Nemat-Nasser, 2004). Siunilarly, a reversal in the voltage
direction reverses the actuator bending. Due to the
above-mentioned advantages of IPMC; the application
scope of TPMC is increasingprogressively. TPMC’s
prospective application range includes; surface and
underwater robotic sensors, mechanical, biomedical,
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mechano-electrical and energy reaping transducers
(Abedi et al., 2008, Asaka et al., 1995).

Currently, the research in IPMCs 18 being carried out
in two different directions.In the first case, the researchers
deal with the performance-enhancementtechniques in
order to remove the deficiencies, improve the force
generation of the actuators and increasing the life cycle of
the IPMC strips (Asaka and Oguro, 2000). Similarly, in the
second direction, the research is concerned with the
application areas of the TPMC material actuator and
sensors (Nemat-Nasser, 2002; Shahinpoor and Kim, 2002).

However, i the application fields, very little work has
been carried out on presenting the mathematical models
of the actuator, including the kinematics and dynamic
models (Newbury and Leo, 2003; Weiland and Leo, 2005).

In this study, four different contributions are made:

Firstly, IPMC is proposed as an actuating link for a
small manipulatorfollowed by the development of the
dynamic model of the proposed application [PMC
has been considered as a link of the manipulator
Secondly, a pair of TPMC strips is proposed as an
actuating link to cater for the low force generation.
Thirdly, the dynamic model has been developed
through the “Lagrangian formulation” for the
manipulator and has been solved through finite
difference method

Finally, simulation results are achieved and their
analysis is carried out

DYNAMIC MODELING

TPMC can beusefulto provide the force for the
movements of adjoining links of small mampulators to
imitate the bionic joints of insects like grass hoppers etc.
due to their small force requirement. Due to a parallel
pairing setup of its actuators, IPMC can also be applied to
provide the required force for themovementsof the links.
As depicted in Fig. 1, thetwo strips of [PMC are attached
to a rigid bar. The flexible IPMC strips embedy the first
link of manipulator, whereas the rigid inclined bar
represents the leg (second link) of the grasshopper
manipulator. The force produced by the IPMC strips 1s
used to provide the up and down motion to the rigid link
through a pinion joint support at the middle.

The strips are fixed to the bar in parallel to achieve a
linear motion. In this study, the dynamic model has been
presented for the stretched position of the design by
using Lagrangian method and Simulation results are
presented for the validation of the modelDue to the
symmetric structure of both IPMC strips, the dynamic
effects of only one actuator are considered. The effect of
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Fig. 1: Proposed model before bending
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Fig. 2: Proposed model after bending

the pmion support for the model 15 also assumed to be
negligible and hence ignored.

Congidering this two link model presented in the
Fig. 2, it can be seenthatlink 1 is flexible (TPMC) while the
second link 13 nigid.It 1s mdicated that after the application
of voltage, the bending of the IPMC actuator link
hasresulted  the  upward movement of  the
secondlinkthrough an angle of 6, The dynamics of the
model involves calculating as how the mechanism will
move under the application of joint torques 1, and T,. This
includes the calculation of joint angles 6, and 6,
potential and kinetic energies P, P,, K, and K, for link 1
and lmk 2, respectively. Where L, and L, are the
corresponding lengths of the links. The position vector of
link 1 is represented by r. The equations of kinetic and
potential energies of both links are derived in the
subsequent sections 1 to 4.

Kinetic energy of link 1: Since both the TPMC actuators
are symmetrical, hence for simplicity, we have considered
the model of one strip. Since the first link 13 flexible and so
it 13 essential to find its translationaland rotational
velocities. For this, thetranslational kinetic energy is
denoted by K.E,¢piziom and its x and y components are
represented m Cartesian coordinate system as shown in
the Fig. 3 and are given in Eq. 1:
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Link 2

Fig. 3: Schematic diagram of the model

[x.x,] = {rcos@j,rsm@ﬂ (1)

The velocity components of translational kinetic
energy are shown in Eq. 2:

[xl,yl] = [VX,VJ = {fcos%fgsine—zl, 2fsin%+rcos%}
(2)

where, r and 0, 1s the function of time t.

The translational kinetic energy of link 1 is obtained
by substituting the values of velocity components from
Eq.2m3:

KE :l(mlvf ) 3

1(translational ) 2

Due to the flexing effect of Link 1, itpossesses
the rotational kinetic energy due to the angle 6,
subtended after the application of the force and given
inEq. 4

KE :l(mlrzéf) 4)

1[translational} 2

The total kinetic energy K, of link 1 becomes:

K,=KE

1 Ij translational )

+K.E

1[translational )
Hence, the total energy of link 1 is shown in Eq. 5:

K = %ml {vf + rzef} ()

Potential energy for link 1: Tn order to find the potential
energy of link 1 Eq 6, Fig. 4 1s considered. On the

Link 1

" :::,,,,

Fig. 4: Schematic diagram of Link 1

application of the specified voltage, it bends and makes
an angle of 8, with a subtended radius

P =mgh=mg(L —L") (6)

Where L,<L', since the arc subtended by the radius r is
S = L' = 8. Therefore, the potential energy of link 1 is
given by Eq. 7:

P :mlg[r6172rsin%) (7

Kinetic energy for link 2: The position vectors and
velocities for link 2 in Cartesian coordinates are given in
Eq. 8 and 9, respectively.

[%:.7,] = Hr COS%+ cosez{erin£%)+ L,sin, }H
(8)

{[rcos%}r%rel si.n%‘—LzG2 sinez},
{[ﬁsinij+ 10, cosi—LEG2 sin 0, }
2 2

o)

[X2>SI2] = I:VEx’ VZy] =

Finally, the total kinetic energy of link 2 is described
mEq 10

K, = %ml {m,vi} (10)

Potential energy for link 2: To find the potential energy
of link 2, author referred to Fig. 4. On the application of
the specified voltage, Link 1 bends and subtends an angle
with a subtended radius r. This changes the position of
the link 2 and also its potential energy which is given in
Eq. 11:



J. Applied Sci., 14 (6): 501-509, 2014

Pz—mlgr[e1 —2rsin(921D+ L,sing, (11)

Lagrangian formulation of the model: Lagrangian
formulationis a function that summarizes the dynamics of
a system. To develop the dynamic model, the authors
employed the Lagrangian formulation method explained in
the present study. General form of Lagrangian 1s given in
Eq. 12 below, where K is the kinetic energy and P
represents the potential energy:

(12)

L,=YK-3P

Substituting the Eq. 5,7, 10 and 11 m Eq. 12 above, gives
the Lagrangian equation for the model.

The torques T, and T, as given in Eq. 13-14 are
calculated by using the Lagrangian equation:

. _i{aLu}{aLu} 13)
dt |\ o@, a8,

. - E{%N% } (14)
at |l ae; ) e,

In matrix form, the final general dynamic equation for
the model by using an TPMC strip link is shown in Eq. 15:

M(8)0+V(0)6+C(0)6 =1 (15)
Where
o %(13+3.:osel)ml+(5+3msel)m1 é[Zcos[%}cosej+sm[%]sm82jl,2mji
%[2:05{%):05 Gz+s1n[%]s1n61]1.jm2 Lim,
(16)
sin & oS8y —
oz s e
2 ! 4
(17)
And:
3sinOm,r+m, +m, [16gsi11821+3sin61r]
Cc(6)= :

L, [cos 6, + [2 cos0, sin(%} - cos[%}sin szmzr]

(18)
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SIMULATION RESULTS

In this section, three difference cases have been
considered for the simulation of presented modelon the
base of time and frequency. The input torque is
responsible for the dynamic behavior of the bionic
joint (link-2). The torque is provided by the force
generated by the TPMC strips (link-1). The TPMC actuator
is very complex. It is non-linear with great hysteresis.
First of all, the model is prepared for the system and
obtained the expressions for kinetic and potential
energy. The Lagrangian of the system are obtamed
from the two types of energies of each link. In this way,
a lghly non-linear coupled system of differential
equations was achieved for which the exact solution
would be nearly impossible. For this reason, a finite
difference method was employed by changing the
derivate into differential equations. This rendered the
system into a non-linear algebraic system of equations.
These equations are solved by using known initial and
boundary conditions in a two step-approach. In the
first step, equations solved
solution by using mitial and known
conditions, while in the second step;, the results are
obtamed for the next solution on the base of
calculated results obtained m the first step. Sunilarly, the
results for the n™ solution were obtained from n™ and n™
solutions iteratively.

In the solution, the input values of L., T,, m,, T, and
T, are constant,while the value of m,is changing in
each case. The analysis 13 made by the difference
of the results for each run of the simulation
model. The application ofinitial boundary conditions of
del (A)=0.001, 6, (0) = 0.5 and 0, (0) = 0 provided the
simulation results as shown in Fig. 5-22 calculated in the
three cases. The mitial boundary conditions were also
retained the same in all the three cases.

for the mitial
boundary

are

Case 1: For case 1, the mitial values of m,, m,, T, and t,are
selected as shown i Table 1. Since, the IPMC link 1s
lighter than the leg of the grass-hopper; so it s selected
six times lighter for this case. The simulation results
performed are highlighted in the graphs shown in
the Fig. 5-10.

Since link-1 has a lesser mass than that of link 2 and
the same is reflected in the resultant graphs, where K, is

Table 1: Simulation parameters
Parametres my (mg) 1y (mg) 1, (Nim)

T (Nm) Ly (mm) L (o)

Case 1 80 500 0.5 0.1 50 80
Case 2 80 525 1 0.1 50 80
Case 3 80 550 1 0.1 50 80
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Fig. 5: Kinetic energy of link 1
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Fig. 7. Potential energy of link 1

several order of magnitude lesser than K, The angle
range of 0, for link 1 is between 30-55°, whereas,
8, remains between 35-55°. The curve of link 1 is relatively
smooth as compared to that of link 2. The graph for angle
of 8, for the rigid link indicates that it experiences a
vibratory motion.
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Fig. 8 Potential energy of link 2
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Fig. 10: Angle graph of the rigid link 2

The graphs of potential energies for the two links
indicate that both links achieve their maximum potential
energies nearly at the same time. The potential energy of
link-2 18 more m magmtude than that of hnk 1. It 1s
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Fig. 11: Angle graph of link 1 (case 2)
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Fig. 12: Angle graph of link 2 {(case 2)
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Fig. 13: Potential energy of link 1{case 2)

attributed to the fact that it contains one more component
than that of link-1 as shown in Fig. 4.

Case 2: In the case 2, the simulation parameters are
changed in terms of the mass of link-2 as shown in
Table 1. The mass of link-2 was increased from
500-525 mg, while keeping unchanged all other attributes.
The simulation results are displayed from Fig. 11-16.
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Fig. 14: Potential energy of link 2 (case 2)
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Fig. 15: Kinetic energy of link 1
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Fig. 16: Kinetic energy of link 2

Here, the range of angles of 8, and 6, lies between
35-55° and 30-55°, respectively. The curve of link-2 is
displayinga lag in time than that of link-1. Tt can be
perceived that link-1 is demonstrating its maximum value
at 40th sample; whereas at the same instant, the angle of
link-2 is nearly at minimum at that point. Both the curves
are approximately following the same time trend after
approaching the 60th sample.
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Fig. 17: Angle graph of link 1 {(case 3)
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Fig. 18: Angle graph of link 2 {(case 3)
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Fig. 19: Kinetic energy of link 1 (case 3)

In case of kinetic and potential energies, link-2 is
demonstrating to have more energy as that was the
situation in the earlier case. The curves for link-1 are
showing some stability at some interval of time before
reaching its mimimum values, after which it can be seen to
climbing up again. The potential energy of link-2
decreases smoothly to its minimum in contrast to link-1.
The kinetic and potential energy of link -2 are also greater
than that of link-1 as in case 1. Because of the low mass of
TPMC, its kinetic energy is again unsubstantial similar to
case-1. Link-1 is presenting an abrupt pealk to display the
sudden voltage application.
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Fig. 20: Kinetic energy of link 2 (case 3)
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Fig. 21: Potential energy of link 1 (case 3)
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Fig. 22: Potential energy of link 2 (case 3)

Case 3: As compared to case 2, the mass of link-2 is
increased to 550 mg instead and retained the left over
parameters. Now m,and m,are at approximate ratio of
7: 1 to each other. In the initial part of the simulation run,
it can be observed that the angle subtended by link 2 is
more than that of link 1. After that, 6, displays a
decreasing trend with an increasing curvature of 8,, until
they become approximately ecual at 20th sample time
interval. At 40th sample, the angles of both links reach
their minimum value of 35°.

However, repeating crests and troughs can be
observedin all the graphs to confirm the vibrating and
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Table 2: Modes frequencies
Moade frequencies(Hz)

Link-1 Link -2
Link 2 mass {(g) Mode-1 Mode-2 Mode-1 Mode-2
500 21 11 43 7
525 9.9 12 45.1 13
550 41 27 44 41

non-linear nature of the model. The graphs of kinetic
energies of the links are shown in Fig. 21-22. The energies
of link-2 are much more than that of link-1. The energies of
link 1 are found to be at mimimum 1mtially but those of link
2 are at the maximum and vice versa. This ndicates that
link 2 lags behind link 1 in time interval by some instant.

A sudden peak in the velocity gradient of both the links
can be found out. This phenomenon signifies the sudden
bending of the IPMC strips upon the application of the
voltage. All the graphs for link 2 are following the trend of
link 1 with a slight delay n time to ensure that the moment
of the first link energizes the following link.

To analyze the effects of gradually increasing the
mass of link 2, it can be seen that imitially the angle of
link-2 decreases as the mass m, approaches to 550 from
500mg. For 500 mg, the link imitial subtended angle 1s 47°,
40° for 525 mg and below 30° for 550 mg. This verifies that
heavier the link-2, the lesser 1s the subtended angle. The
kinetic energy of the link increases with increasing the
mass as it 1s the function of mass. It can be noted that the
graphs are plottedat different masses. However, the
potential energy decreases with increasing mass. This 1s
mainly due to the reduced angle covered by the link with
Increasing mass.

Modes frequencies are also analyzed at these
weights as shown in Table 2. Two mode frequencies are
selected for each mass and the comparison is made. Tt can
be seen that resonance modes of vibrationof the system
transfer to higher frequencies with mcreasingmass. This
umplies that the manipulator vibrates at higher frequency
rates after mcreasing mass than those with low
masses.

CONCLUSION AND FUTURE WORK

The described properties of the Ionic Polymer Metal
Composite (IPMC) are a flexible, electroactive polymer
material which displays a large bending motion on the
application of low voltage. This characteristic of IPMC
makes the material sutable for applications in different
fieldssuch as medical, industrial and special-purpose
military performances ete. In this study, a fresh 1dea has
been presented by the authors regarding the application
of IPMC material to mimic the actuating knee joint muscles
of the insects. For this, the IPMC itsell has been
considered first as a biomic manipulator link and pair of
parallel strips of IPMC 1s also suggested to accommodate
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for low force generation. And then the dynamic model has
been developed through the “Lagrangian formulation™ for
the manipulator.

The proposed modelhas been solved byapplying the
finite difference method through two-step approach by
using wolfram mathematica software. Finally, the
simulationof the modelhas been carried outfor three
different scenarios (cases) and obtained different results
of the model. Results of the simulation indicate that links
dynamics are quite coherent. [t showed that by mcreasing
the mass of link 2, the angle range of the link decreases. It
was also observed that the link 2 lag behind the link 1
some time interval to validate that link 1 is energizing it
and the kinetic and potential energies of link-2 increases
with the increasing mass. The results obtained are very
logical by considering the theoretical aspects. Since, the
driving link (made of TPMC), provides the same force,
hence by mcreasing the mass of the driven link must
cover a lesser angle as compared to lesser mass of the
driven link. Similarly, the driven mass should move after
it has been supplied by a force by the driving link. The
shight lag of the movement of the driven link validates thus
theory.

The mode frequency analysisindicates that the
manipulator vibrates athigher frequency rates at
increasing masses because of the flexible nature of the
driving link. Tt can be concluded from the simulation
results and mode frequency chart that Iomc Polymer
Metal Composites can be utilized to provide the required
force for actuating small manipulator’s hinks. As it was a
set of highly non-linear coupled system of differential
equations and the exact effect of one variable on the other
was not known hence, the approximate values were
usedfor the remaining variables. Tn our future study, we
are planming to physically manufacture the proposed
linkage and validate the model with experimental data.
However, the proposed model has the potential for real
life application and opens new avenues in the further
research in these types of manipulator.
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