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Abstract

To solve the problem of poor mechanical properties of rectangular polypyrrole actuator, a
trapezoidal polypyrrole actuator is designed in this paper. After electrifying the actuator, the
force generated by ion transfer is equivalent to the concentrated load F at the free end, The
surface stress distribution and end displacement of trapezoidal polypyrrole actuator with
different free end widths were analyzed by using the pure bending theory of cantilever beam
and finite element simulation method. The results show that the surface stress attenuation of
the trapezoidal polypyrrole actuator is obviously reduced and its mechanical properties are
improved. Meanwhile, the end displacement of the trapezoidal polypyrrole actuator with a=0.2
is 24.6% higher than that of the rectangular polypyrrole actuator with the same size.
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1. Introduction

Polypyrrole actuator is a kind of conductive polymer with excellent performance, due to its
advantages of large output displacement, small volume, good reversibility and good biocompatibility,
it has been widely concerned by researchers [1]. Polypyrrole actuators are also called "artificial
muscles" [2-4],because of their similar motion mode to animal muscles under the action of driving
voltage. They have a wide application prospect in bionics, actuators, sensors, biomedicine and other
fields[5-7].

Researchers have done a lot of research work on the preparation, driving principle, mathematical
modeling, performance testing and application of polypyrrole actuators[8, 9]. Study shows that
although polypyrrole actuators under low driving voltage can be output at the end of large displacement,
but the poor mechanical properties, in order to improve the mechanical properties of polypyrrole
actuator, this paper designs a trapezoidal structure of polypyrrole actuators, and through the theoretical
calculation and ANSY'S finite element simulation method of combining the analysis of the surface stress
distribution.

2. Structure and working principle of polypyrrole actuator
2.1. Structure of polypyrrole actuator

The polypyrrole actuator has a multi-layer structure, and Figure 1 is the schematic diagram of the
three-layer polypyrrole actuator. The middle layer is polyvinylidene fluoride (PVDF) film, non-
conductive, porosity 0.45um, thickness is about 110um. Its function is to store a solution of propylene
carbonate doped with a concentration of 0.5mol/L LiTFSI(bis trifluoromethane sulfonimide lithium) to
provide sufficient ions for the polypyrrole actuator to work in air and water; The secondary outer layer
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is a conductive metal coating, by magnetron sputtering on both sides of PVDF film, the layer of Cu-Sn
alloy film with a thickness of about 50nm is sputtered to form a conductive plane as the electrode of
polypyrrole electrochemical deposition. Meanwhile, the conductivity between the PPy layer and
electrolyte can also be improved; In the outermost layer, a polypyrrole layer with a thickness of about
30um was deposited on the conductive plane by electrochemical deposition method. lons can migrate
in the polypyrrole layer after electrification.

—

Figure 1: Structure diagram of three layers polypyrrole actuator

2.2. Working principle

The diffusion rate of anion (TFSI") in the three-layer structure of polypyrrole actuator is much higher
than that of cation (Li*), so the polypyrrole actuator is driven by anion. As shown in Figure 2, when a
voltage is applied to the polypyrrole actuator, the polypyrrole layer connected to the positive pole of
the power supply reacts with oxidation and loses electrons. In order to maintain electrically neutral
anion (TFSI) stored in the PVDF layer moves to the anode, and the anode expands due to the anionic
volume obtained. The polypyrrole layer connected to the negative pole of the power supply is reduced
and the TFSI-anion moves towards the anode. The displacement of anions also carried away solvent
molecules and caused volume shrinkage at the cathode. Therefore, the polypyrrole actuator is
macroscopically bent towards the cathode after electrification [10].
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Figure 2: Schematic diagram of bending principle

3. Analysis of mechanical properties of trapezoidal polypyrrole actuator

The actuator is caused by the expansion or contraction of the polypyrrole layer due to ion migration,
and the bending stress inside the actuator is related to excitation voltage, charge density, ion
concentration and other parameters [11]. In this paper, a mathematical model is established based on
the pure bending theory of cantilever beam. The force generated by ion transfer after the actuator is
energized is equivalent to the concentrated load F at the free end. In this paper, the structure of the
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polypyrrole actuator was optimized to improve the surface stress distribution of the actuator and
improve the end output displacement. The schematic diagram of the trapezoidal polypyrrole actuator is
shown in Figure 3 below.
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Figure 3: Schematic diagram of trapezoidal polypyrrole actuator

As shown in the Figure 3(c), the trapezoidal polypyrrole actuator is a three-layer composite structure,
the middle layer is polyvinylidene fluoride (PVDF), and the outermost layer is polypyrrole (PPy). In
mechanical analysis, PVDF and PPy are considered to be isotropic materials, and Young's modulus and
Poisson's ratio remain unchanged during bending deformation. Since the thickness of the sputtering
metal layer is only 50nm, far less than the thickness of the actuator, the impact of the sputtering layer
on the stiffness of the actuator is ignored [8]. In Figure 3, b is the width of the fixed end of the actuator,
bt is the width of the free end of the actuator, L is the length of the actuator, h; is the thickness of the
actuator, and hy is the thickness of PVVDF layer.

As shown in Figure 3(c), the y-axis is established along the neutral axis of the section, p represents
the curvature radius of the neutral layer, and the longitudinal normal strain on the section of the actuator
can be expressed as:

e = % (1)

In the elastic range, the normal bending stress of PPy layer and PVDF layer can be obtained by

Hooke's law:
Z
Oppy = Eppy — (2)

p
VA
OpypF = EPVDF; (3)
Only the bending moment exists in the actuator section, which can be obtained according to euler-
Bernoulli beam theory:
1
M =EI ; )
By substituting Equations (2) and (3) into Equation (4), the bending normal stress of PPy layer and
PVDF layer can be obtained:

_ MEppyz (5)
9Py = Tg]
MEpyprz (6)
OpyDpF = T

In order to quantitatively characterize trapezoidal structures with different free-end widths, a
coefficient a is introduced:

(b —b) (7)
a = I
Along the positive direction of x-axis, actuator widths at different x points are expressed as:
b(x)=b—ax (8)
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As shown in Figure 3(c), Y-axis is the neutral axis of the actuator section, and the moment of inertia
of each layer is:

; _ b(0)h3 (9)
PVDF — 12
OGS (10)
i PPy — 12
When n = —£2 the equivalent moment of inertia of the actuator is expressed as:
PVDF
Epp A1b(x) (11)
I, = Ipypp + ———Ippy = ———
E VDF EPVDF

The bending stiffness of the actuator is:
El = Epyprlpypr + Eppylppy = A1b(xX) (12)

Epyprh3 + Eppy(hi — h3) (13)

A1:

12
Assuming that the force generated by the free end of the actuator after electrification is F, substitute
Equations (11) and (12) into equations (5) and (6) to obtain:

_ nMz _ EppyF(L - X)Z (14)
OPPy =TI T T T Alb(x)
_ EPPyF(L - X)Z
A, (b—ax)
_ Mz _ EpyprF(L —x)z (15)
Opypr = 1, = A.b(x)
_ EpyppF (L — x)z
Ai(b — ax)

Where EPPy and EPVDF represent the Young's modulus of polypyrrole layer and PVDF layer
respectively, z represents the distance from the neutral axis, L and b represent the length and fixed end
width of the actuator respectively.

According to Equations (11) and (12), the equivalent moment of inertia and sectional stiffness of the
trapezoidal polypyrrole actuator are no longer constants along the x-axis, but functions of x. For
Equation (14), the surface stress of the actuator is no longer linearly attenuated along the x-axis. With
the increase of a, the surface stress attenuation of the actuator also slows down. The trapezoidal structure
is beneficial to improve the surface stress distribution and load capacity of the actuator.

4. Finite element analysis

The material parameters and structural parameters of the trapezoidal polypyrrole actuator are shown
in Table 1 below. A simulation model is established in ANSYS. The fixed end uses fixed constraints,
and the z-direction concentrated load is applied on the free end face, F= -2mN. The surface stress
distribution and end displacement of trapezoidal polypyrrole actuators with different free end widths
were investigated.

Table 1
Trapezoidal polypyrrole execution equipment material parameters and structural parameters
PPy layers PVDF layers
Length/mm 20 20
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Thickness/mm 0.03 0.11

Fixed end Width/mm 5 5
Young's modulus/MPa 80 440
Density/kg * m-3 1150 1150
Poisson's ratio 0.25 0.25

Under the action of vertically downward concentrated load F= -2mN applied at the free end, the
surface stress distribution curve was drawn along the axis of the upper surface of the trapezoidal
polypyrrole actuator, as shown in Figure 4. With the increase of a, that is, the width of the free end
decreases, the stress attenuation on the upper surface of the actuator gradually slows down. When a=0,
that is, the stress value at the central point of the axis on the upper surface of the rectangular polypyrrole
actuator is 0.37327MPa, and when 0=0.2, the stress value at this point is 0.62785MPa, which is 68.2%
higher than that at the point of the rectangular structure. This is consistent with the above theoretical
analysis results, which proves that the mechanical properties of polypyrrole actuator with trapezoidal
structure are improved.
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Figure 4: Simulation results of axial stress distribution of trapezoidal polypyrrole actuator with
different free-end widths

Figure 5 shows the simulation results of the actuator's end displacement. According to the simulation
results, it can be seen that under the same load mentioned above, the actuator's end position also
increases with the increase of a. In Figure 5(d), the end displacement of the actuator with a=0 is
14.433mm, and that of the actuator with a=0.2 in Figure 5(a) is 19.145mm, which is 24.6% higher than
that of the rectangular polypyrrole actuator.
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Figure 5: Simulation results of end displacement of trapezoidal polypyrrole actuator with different
free end widths

5. Conclusion

In this paper, the polypyrrole actuator with trapezoidal structure is designed by optimizing the
structure of the polypyrrole actuator, and the force generated by ion transfer after the actuator is
energized is equivalent to the concentrated load F at the free end. Then the surface stress distribution
and end displacement of trapezoidal polypyrrole actuator with different free end widths are analyzed
by using the mathematical model of pure bending theory of cantilever beam and ANSY'S finite element
simulation. The theoretical and simulation results show that with the decrease of the width of the free
end, that is, with the increase of a, the surface stress of the actuator decreases along the axis. Under the
action of concentrated load F= -2mN on the free end of the polypyrrole actuator, the stress value at the
central point of the axis on the upper surface of the trapezoidal polypyrrole actuator with a=0.2 increases
by 68.2% compared with that of the rectangular polypyrrole actuator with the same size; The end
displacement of the trapezoidal polypyrrole actuator with 0=0.2 reaches 19.145mm, which is 24.6%
higher than that of the rectangular polypyrrole actuator. This shows that the mechanical properties of
the polypyrrole actuator with trapezoidal structure are improved and the end displacement is also
improved.

The research content of this paper can provide reference for the structural optimization design of
polypyrrole actuator, and the correctness of the theory and simulation results can be verified by
experiments in the next step.
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