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Fiber-Directed Conjugated-Polymer Torsional
Actuator: Nonlinear Elasticity Modeling and
Experimental Validation
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Abstract—Existing conjugated-polymer actuators typically take
the form of benders or linear extenders. In this paper, a conjugatedpolymer-based torsional actuator is proposed by embedding helically wound fibers into a conjugated polymer tube during the
polymer-deposition process. Upon actuation, the electrolyte-soaked
tube swells, and consequently, produces torsion and other associated deformations because of fiber-induced mechanical anisotropy
of the composite material. A nonlinear elasticity-based model is
presented to capture the torsion, elongation, and dilation of the
tube. Experiments on tubular actuators with different thicknesses,
fiber-winding angles, and diameters confirm the aforementioned
deformation modes and validate the effectiveness of the proposed
model.
Index Terms—Actuators, conjugated polymer, electroactive
polymers, nonlinear elasticity, modeling.

I. INTRODUCTION
ONJUGATED polymers, also called conducting polymers, have intrinsic actuation [1], [2] and sensing [3], [4]
properties. These polymers have alternating single and double
carbon–carbon bonds (conjugation). With an applied positive
potential, electrons can be removed from the polymer chains
(oxidation). If the polymer is in contact with an electrolyte,
the positively charged polymer backbone will attract negatively
charged ions (anions) into the polymer matrix and/or repel positively charged ions (cations) out of the matrix. The effect can
be reversed when a negative potential is applied to the polymer
(reduction). Transport of the ions in and out of the polymer
matrix during reduction–oxidation (redox) induces volumetric
change, namely swelling or deswelling, which is believed to be
the primary actuation mechanism for conjugated polymers [2].
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Reported conjugated-polymer actuators have typically been
used as linear extenders or benders. The dimensional changes
of a single piece of conjugated polymer during redox can directly be exploited to produce linear motion [5], [6]. On the
other hand, a conjugated-polymer layer bonded to a nonswelling
layer [2] or another conjugated-polymer layer, but with different
swelling [7]–[10], results in bending motion. These configurations have been explored in various biomedical [2], biological [11], microfluidic [12], [13], and robotic [14], [15] applications. In many applications, however, more sophisticated deformation modes will be highly desirable. Torsion, for example,
can greatly enhance the dexterity of microsurgical tools.
In this paper, a novel, conjugated-polymer-based torsional
actuator is proposed by embedding helically wound fibers into a
conjugated-polymer tube. The concept is motivated by the fact
that fiber-reinforced elastic materials can generate complicated
deformation when the materials swell/deswell [16]–[18]. As the
fibers have little room for extension, they impose directional
constraints for swelling of the material matrix, which results
in sophisticated deformation determined by the fiber-matrix arrangement. For example, theoretical investigation has predicted
torsion and other deformation modes for a swelling hyperelastic
tube with helical fiber reinforcement [19]. Biology provides interesting insight as well. Directionally modulated swelling and
deswelling is the basis for the majority of controllable and repeatable motions in plants, including, e.g., vine twinning, petal
opening, and leaf rolling [20]. Such directional modulation is
typically achieved with preferential alignment of fibrils in the
cell wall [21], [22].
We fabricate proof-of-concept prototypes for the proposed
torsional actuators by helically embedding platinum fibers into
a polypyrrole (PPy) tube during the PPy deposition. Electrically
induced swelling/deswelling of PPy is then expected to result
in torsion. Our fabrication process follows the work of Ding
et al. [23]. Note that the adoption of tubular geometry and helical
wires in [23] was for a completely different purpose—increasing
the electrical conductivity of the actuator, and torsional motion
was not investigated in that work.
A nonlinear elasticity model is then presented to capture
the swelling-induced large deformation for the fiber-directed,
conjugated-polymer tubular actuator. The strains generated by
PPy actuators are typically between 1% and 10% [5], [24], and
a 20% contraction has been observed in the thickness direction
of a polyaniline (PANI) film [25]. Therefore, linear elasticity
theory based on small strains is often inadequate for describing the large deformation in conjugated-polymer actuators. Our
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Fig. 1.
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Schematic of the conjugated-polymer-based torsional actuator.

earlier work has shown the superiority of nonlinear elasticity
modeling over linear elasticity modeling for trilayer PPy benders [26]. Another advantage of a nonlinear model is its generality for incorporating sophisticated interactions. In this paper, the
elastic energy under actuation-induced swelling captures both
the strain energy of the PPy matrix and the strain energy of
embedded fibers. Nonlinear material behaviors can be incorporated through the specification of strain energy functions. With
the enforcement of proper boundary conditions, force and moment balance equations are formulated and solved to obtain the
actuation-induced deformation.
Tubular, fiber-directed PPy actuators with different thicknesses, fiber-winding angles, and diameters have been fabricated and tested. Experiments have not only confirmed torsion
and associated elongation and radial dilation, as predicted by the
nonlinear model, but also validated the models quantitatively for
different actuator dimensions and fiber pitch angles. Therefore,
we have established the utility of the model for actuator design
and optimization.
The remainder of this paper is organized as follows. The
fabrication process of the actuator is described in Section II.
The nonlinear mechanics modeling framework is described in
Section III. Experimental validation of the nonlinear model is
presented Section IV. Finally, concluding remarks are provided
in Section V.
II. ACTUATOR FABRICATION
As illustrated in Fig. 1, the proposed actuator consists of
a PPy tube with platinum fibers helically wound around the
tube. It is critical to achieve integrative embedding of the fibers
within the polymer matrix, so that the fibers will deform with
the polymer matrix instead of cutting through the matrix during
swelling/deswelling of the polymer. As described next, this can
be realized by depositing PPy onto a tubular substrate, around
which the platinum wire is wound.
A glass cylinder is used as the substrate. It is coated uniformly
with gold through sputtering. A platinum wire with diameter of
25 μm is wound uniformly along the glass cylinder at a fixed
pitch angle. The tube is then soaked in a mixture of 0.1 M pyrrole, and 0.1 M Li+ TFSI− in propylene carbonate (PC) with
0.5% (by weight) water [7], and connected to the working electrode of a potentiostat (OMNI101 from Cypress Systems). To
maintain a constant potential on the PPy when the PPy grows
on the surface of the glass tube, an Ag/AgCl reference electrode (Aldrich Chemical) is used. A stainless-steel mesh with
large surface area serves as the auxiliary electrode. The auxiliary
electrode, also known as the counter electrode, has a potential
opposite in sign to that of the working electrode, and it is where
the byproducts of the electrochemical process deposit [27]. The

Fig. 2. Experimental setup for fabricating the fiber-directed conjugatedpolymer actuator.

Fig. 3.

Fabricated platinum fiber-directed PPy tube.

large surface area of the auxiliary electrode ensures that little
current goes through the reference electrode, which is important
for maintaining the potential of the latter electrode. The fabrication setup is illustrated in Fig. 2. The electric current density
is maintained at 2 mA/cm2 . The thickness of PPy grown on
the glass substrate is controlled through the deposition time.
Because the PPy layer has poor adhesion to the underlying
gold layer, it can be easily taken off from the glass cylinder.
Fig. 3 shows a fabricated prototype of the fiber-directed PPy
tube, where the inner and outer diameters are 2.5 and 3 mm,
respectively.
III. NONLINEAR ELASTICITY MODELING OF THE
TORSIONAL ACTUATOR
When a positive voltage is applied between the fiber-directed
PPy tube and an electrolyte, anions in the electrolyte will move
toward and accumulate at the PPy/electrolyte interface, thus
forming a double layer of charges (see Fig. 4). The highly concentrated ions in the double layer will diffuse into the PPy.
When a negative voltage is applied, the PPy is reduced and
the previously absorbed ions will be repelled back to the electrolyte. Mass transport of ions in and out of the polymer causes
swelling and deswelling of the tube, which subsequently leads to
deformation because of mechanical interaction between the PPy
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Fig. 4. Illustration of double-layer charging and diffusion for a conjugatedpolymer film in contact with an electrolyte.

matrix and the constraining fibers. The description of the actuation process can thus be roughly separated into three cascaded
modules: an electrochemical module capturing the ion-transport
dynamics [28]–[30], a swelling-to-charge coupling module, and
a mechanical module capturing the swelling-induced deformation. For the proposed PPy tube actuator, the first two modules
will be the same as for other configurations (e.g., trilayer benders [29]). Therefore, to highlight the third module, we will
consider quasi-static voltage inputs, in which case the first module degenerates to a proportional constant relating the net charge
density ρ to the applied voltage U . This is briefly explained next
before we elaborate on the nonlinear mechanics framework.
Under a quasi-static voltage U , the total transferred charges
Q can be calculated as follows [29]:
Q = −k1 U.

(1)

In (1), k1 is determined via k1 = (1/2)(1 + (h/δ))C, where h
is the thickness of the PPy layer, δ is the thickness of the doublelayer at the polymer/electrolyte interface, and C represents the
double-layer capacitance [29]. The proportionality constant k1
can be obtained on an experimental basis. The transferred charge
density ρ is given by
Q
(2)
V
where V is the volume of the PPy layer. The volumetric change
in the PPy induced by the ion transport can be captured by [31]:

Fig. 5. Illustration of the actuator configuration. (Left) Original configuration.
(Right) Deformed configuration.

vectors (expressed with a Z, R, Θ domain) in the original configuration to vectors (expressed with a z, r, θ domain) in the deformed configuration. The pitch angle β (0◦ < β < 90◦ ) [19],
as defined graphically in Fig. 5, specifies the fiber-winding direction.
The deformation can be characterized by the following equations:
r = r(R)

V − k2 ρV
= 1 − k2 ρ
(3)
V
where ν represents the swelling ratio of the PPy layer and k2
is the swelling-to-charge ratio. When ν > 1, the volume is increased; when ν < 1, the volume is decreased. The value of k2
has the order of 10−10 m3 /Coulomb [28].
Given the swelling ratio ν, we next discuss how to model the
resulting deformation with a nonlinear mechanics framework.
A. Nonlinear Mechanical Modeling Framework
The original and deformed configurations are shown in Fig. 5,
where F represents the deformation gradient, which can map

z = λz Z

(4)

where κ is the twist per unit length and λz is the elongation
per unit length in the longitudinal direction. Suppose that the
deformation takes a particle at location X in the reference configuration to the location x in the deformed configuration. The
deformation gradient is defined as follows:
F=

∂x
∂X

(5)

or, dx = FdX. For the polar coordinate system at hand
dX = dReR + RdΘeΘ + dZeZ

ρ=

ν=

θ = Θ + κZ

dx = drer + rdθeθ + dzez
where eR , eΘ , and eZ are the orthonormal unit vectors in the
original configuration, and er , eθ , and ez are the orthonormal
unit vectors in the deformed configuration. The deformation
gradient tensor is
dr
r
er ⊗ eR + eθ ⊗ eΘ + κreθ ⊗ eZ + λz ez ⊗ eZ
dR
R
(6)
where ⊗ is the dyadic product. We assume that PPy is mechanically incompressible both before and after swelling. This assumption is based on relevant literature [32]. Therefore, the deformation satisfies the constraint that the volume is not changed
by the motion after swelling, which means that the determinant
of F satisfies
F=

det F = ν.

(7)
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This, together with (6), implies
1
dr
λz r
= ν.
(8)
R
dR
Rewriting (8) as rdr = (ν/λz )RdR and integrating, we get
 R
2
r2 = ri2 +
νRdR
(9)
λz R i
where Ri and ri are the inner radii of the tube in the original
configuration and the deformed configuration, respectively. The
left Cauchy–Green deformation tensor is defined by
B = FFT .

(10)

Following (6) and (8), B can be further expressed as follows:


ν 2 R2
1
B = 2 2 er ⊗ er + κ2 + 2 r2 eθ ⊗ eθ
R
λz r
+κλz r(eθ ⊗ ez + ez ⊗ eθ ) + λ2z ez ⊗ ez . (11)
The principal invariants of B are defined as follows:
I1 = tr(B)

I2 = I3 tr(B−1 )

I3 = det(B)

W = Φm + Φf .

(13)

(15)

where β is the pitch angle defined in Fig. 5. Given the deformation gradient F, the unit vector M is mapped into


1
m = FM = κ cos β + sin β reθ + λz cos βez . (16)
R
The fiber stretch ratio under actuation, denoted as λﬁb , is determined by
2

1
2
λﬁb = tr(m ⊗ m) = κ cos β + sin β r2 + λ2z cos2 β.
R
(17)
The strain energy function of the fiber can be modeled as
follows:
1
Φf = γ(λ2ﬁb − 1)2
(18)
2
where γ is a constant that captures the material stiffness in the
fiber direction. In particular, it can be related to the effective
Young’s modulus of the material in the fiber direction by some
proportionality factor [33]. The effective Young’s modulus can
be computed based on the Young’s moduli of both the fiber and

(19)

The Cauchy stress tensor can be written as follows [19]:
σ=

The elastic energy function of PPy, denoted as Φm , can be
modeled in the neo-Hookean form
1
(14)
Φm = μ(I1 − 3ν 2/3 )
2
where μ is an elasticity constant that can be taken as EP P y /3,
where EP P y = 80 MPa is the Young’s modulus of PPy [26].
Let M be the unit vector in the reference configuration that
defines the fiber direction in the material matrix
M = sin βeΘ + cos βeZ

the material matrix, and on the cross-sectional area fraction of
the fiber. For fibers that are much stiffer than the matrix, one
may approximate γ as one quarter of the Young’s modulus of
the fiber phase times the fiber area fraction [33]. The area fraction depends on the specific way the fibers are embedded. For
example, the tightest possible packing √
within a perfect cylindrical tube gives an area fraction of π/2 3 = 0.907. However,
the fiber area fraction of our fabricated samples is difficult to
determine, since their outer surfaces are grooved. In particular,
the platinum fiber, located close to the inner wall of the tube,
promotes the local growth of PPy during the electrochemical
deposition process, thus resulting in a PPy tube with helical
threads on the outer surface that are approximately 0.5 mm
wide (see Fig. 3). An approximation of 0.8 is taken for the fiber
area fraction in our subsequent calculations. Using 168 GPa for
the value of the Young’s modulus of platinum [34], we obtain
γ = 34 GPa.
Therefore, the total elastic energy of the fiber-directed PPy
actuator is

(12)

where “tr” denotes the trace. From (11), the invariant I1 is
obtained as follows:
ν 2 R2
r2
I1 = 2 2 + 2 + κ2 r2 + λ2z .
R
λz r
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1 ∂W T
F − pI
ν ∂F

(20)

where p has the interpretation of the (unknown) hydrostatic
pressure arising from (7), and I denotes the identity tensor.
With the expression of elastic energy in (19), the Cauchy stress
is [19]
σ=

1 ∂Φf
2 ∂Φm
B+
m ⊗ m − pI.
ν ∂I1
νλﬁb ∂λﬁb

(21)

Considering (11) and (16), we can express (21) as follows:
σ = σr r er ⊗ er + σθ θ eθ ⊗ eθ
+σθ z (eθ ⊗ ez + ez ⊗ eθ ) + σz z ez ⊗ ez

(22)

where
μνR2
λ2z r2


μr2
1
= −p +
κ2 + 2
ν
R
2

2γr2
1
+
κ cos β + sin β (λ2ﬁb − 1)
ν
R

σr r = −p +
σθ θ

(23)

(24)

μ 2 2γ 2 2
λ +
λ (λ − 1) cos2 β
(25)
ν z
ν z ﬁb


μ
2γ
1
λz r cos β κ cos β + sin β (λ2ﬁb − 1).
= κλz r +
ν
ν
R

σz z = −p +
σθ z

(26)
This framework is based upon strain energy functions and general deformation gradients, and it is thus valid for both small
and large deformations.
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B. Boundary Conditions
The boundary conditions on the conjugated-polymer actuator
are specified as follows:
σr r |R =R i = 0

σr r |R =R 0 = 0

(27)

where Ri and Ro are the inner and outer radii of the tube in the
reference configuration, respectively. Equation (27) represents
that there is no normal loading applied to the inner and outer
surfaces of the tube. Note that R is used in (27) since r is
also a function of R. The equilibrium equation divσ = 0 in the
directions of r, z, and θ can be written as follows:
1 ∂σr θ
∂σr z
1
∂σr r
+
+
+ (σr r − σθ θ ) = 0
(28)
∂r
r ∂θ
∂z
r
1 ∂σθ z
∂σz z
σr z
∂σr z
+
+
+
=0
(29)
∂r
r ∂θ
∂z
r
∂σr θ
1 ∂σθ θ
∂σz θ
2σr θ
+
+
+
=0
(30)
∂r
r ∂θ
∂z
r
where σr θ = 0 and σr z = 0 in the current case. Considering
(24)–(26), one can show that (29) and (30) reduce to ∂p/∂z = 0
and ∂p/∂θ = 0, which means that p is a function of r only. Given
σr θ = 0 and σr z = 0, one can write (28) as follows by using
(8):
νR
dσr r
=−
(σr r − σθ θ )
dR
λz r2
which can be further expanded by considering (23)
 2
νR
R
μν d
dp
=
(σr r − σθ θ ) + 2
.
2
dR
λz r
λz dR r2

(31)

(32)

The other boundary condition σr r |R =R i = 0, with the aid of
(23) and (33), gives the following equation:

where

Δ=

Ro

Ri

ri



ro

σz z rdr.

Q = 2π

(34)

 

μ
1
ν 2 R2
− 2 4 + κ2 + 2
2
R
λz r
2


1
2
+ κ cos β + sin β γ(λfib − 1) RdR. (35)
R

C. Nonlinear Model
One can see from Fig. 5 that one function and two scalars
quantify the deformed configuration: r(R), λz , and κ. Because
the profile of r(R) can be calculated based on (9), variable
r is determined by ri . Hence, the deformation is completely
characterized by the three scalars: ri , λz , and κ. Equation (34)

(37)

ri

When one end of the tube is not constrained, it follows that
T = 0 and Q = 0. These two equations, along with (34), provide
three nonlinear equations for ri , κ, and λz . One finds that the
expression (35) is strongly dependent on ri , the expression (36)
for T is strongly dependent on κ, and the expression (37) for Q
is strongly dependent on λz . In general, the numerical analysis
to obtain these variables by solving three nonlinear equations is
laborious. Therefore, in this paper, λz , representing the length
change ratio in the axial direction, will be measured and used as
a given parameter. Since Δ and T give the strongest dependence
on ri and κ, the equations Δ = 0 and T = 0 are retained in the
analysis and numerically solved to obtain ri and κ.
By substituting from (26), one can integrate (36) and obtain
the following expression:
T = μaκ + γ(b0 + b1 κ + b2 κ2 + b3 κ3 )

(38)

where a, b0 , b1 , b2 , and b3 are terms involving λz , ri , and the
material constants. Similarly, one can integrate (35) and obtain
an expression for Δ in the form
Δ = μΩ + γΓ

Integrating (32) after substituting from the expressions (23) and
(24), one can obtain the following form of p by using the boundary condition σr r |R =R 0 = 0:

 Ro   2 3
ν R
νR2 μ
R 2 κ2 + 1
p= 2 2 −
−
μ
λz R
λz r
λ3z r4
R
2


2Rγ
1
−
κ cos β + sin β (λ2ﬁb − 1) dR. (33)
λz
R

Δ=0

has provided one equation relating these scalars. The other two
equations require knowledge of the applied moment T (about
the tube axis) and the axial load Q, which are related to the
stress by the following expressions:
 ro
σθ z r2 dr
(36)
T = 2π

(39)

where Ω and Γ are also terms involving material properties and
λz , κ, and ri . Detailed expressions for these terms are lengthy
and will not be listed in this paper due to the space limitation. The
two unknown variables ri and κ can be obtained by numerically
solving the coupled equations Δ = 0 and T = 0 using (38) and
(39).
IV. EXPERIMENTAL RESULTS
A. Sample Preparation and Experimental Setup
Fiber-directed PPy tubular actuators were fabricated following the processes described in Section II. The tube has three
important geometric parameters: its inner radius Ri , thickness
t = Ro − Ri , and the fiber-winding pitch angle β. In order to
study the influence of these parameters on actuation performance and to validate the scalability of the proposed nonlinear model, we fabricated four samples with different geometric
configurations, as listed in Table I. In particular, Sample 1 and
Sample 2 had the same tube thickness (0.381 mm) and pitch
angle (80◦ ), but different inner radii (2.2 mm versus 1.3 mm),
where the variation of the inner radius was realized by using
glass tube substrates with different diameters. Sample 3 had
the same pitch angle and inner radius as Sample 1, but it had
different thickness (0.686 mm). The thickness of a sample was
controlled through the PPy deposition time. Finally, Sample 4
had the same thickness and inner radius as Sample 3, but it had
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TABLE I
GEOMETRIC PARAMETERS OF FOUR SAMPLES USED IN EXPERIMENTS

Fig. 6. Experimental setup to measure κ. The copper film is attached perpendicular to the outer surface at the tube bottom.

different pitch angle (60◦ ). All four samples had the same length
(33.5 mm).
In experiments, a platinum fiber-directed PPy tube was soaked
in the solution of 0.1 M Li+ TFSI− in PC. A voltage was applied between the PPy tube and the auxiliary electrode, the latter
being a stainless-steel mesh as described in Section II. The tube
was fixed at the top end. To meet the quasi-static condition,
a 0.005-Hz, 3.6-V sinusoidal voltage input was applied in all
experiments. As discussed in Section III, three variables characterize the actuator deformation: the twist per unit length κ, the
inner radius ri , and the elongation per unit length λz . A laser
sensor (Model OADM 20I6441/S14F from Baumer Electric,
resolution ±4μm) was used to obtain these variables (or their
equivalent) by measuring the distance to a small sticky copper
film (from 3M) that was glued appropriately to the PPy tube,
where the attachment method depended on the variable to be
measured. For example, Fig. 6 illustrates how the twist κ was
measured. The copper film was attached to the outer surface of
the tube at its bottom, with the plane of the film perpendicular to
the tube surface. Prior to actuation, the laser beam was set to be
perpendicular to the copper film, with Rm denoting the corresponding distance between the tube center and the laser incident
point on the film. In the experiments, Rm = 4 mm. Upon actuation, the measured displacement y of the laser incident point is
related to κ via
y = Rm tan(κL)

(40)

where L is the length of the tube. On the other hand, the linear
displacement of the tube bottom D, which is the length change
of the tube, is related to λz via D = (λz − 1)L. Finally, the
inner radius ri was measured directly with a caliper.
Since the laser sensor could measure only one variable at a
time, the torsional displacement y, the tube length change D,
and the inner radius ri were measured separately, and then,
synchronized through the voltage input signal. Care was taken
in experiments to minimize the discrepancies between the initial

Fig. 7. Change of tube length under a 0.005-Hz sinusoidal voltage input for
Sample 1.

conditions of the actuator when measuring different variables.
For a quasi-static voltage input U , we expect these variables
at any time t to be functions of the instantaneous value U (t).
However, it was observed that sometimes the actuator output did
not return to the original value when its input attained the same
value. This phenomenon was likely due to the creep [35] and
hysteresis behaviors of PPy actuators, and it will be a subject of
future study.
Each experiment was limited to a duration of 150 or 200
s. This was primarily motivated by two considerations. First,
because of the creep effect, the actuator output could undergo
noticeable drift under longer experiments and thus shadow the
actuation-induced effect. Second, as explained earlier, each experiment had to be repeated three times for the measurement of
three output variables. Running the experiments much longer
would make it difficult to ensure relatively close initial conditions for all three trials for each sample.
B. Experimental Results and Discussion
Figs. 7–9 show the experimental results on actuation-induced
deformation for Sample 1. As predicted by the nonlinear elasticity theory, the actuator did demonstrate all three deformation
modes: elongation, radial dilation, and torsion. From Figs. 7–9,
it can be seen that both the length change and the torsional displacement correlate positively with the applied voltage, while
the radius change has a reverse trend. As discussed in Section III-C, we have also solved the nonlinear elasticity-based
model for the twist κ and the inner radius ri by taking the measured elongation per unit length λz as given. From Figs. 8 and
9, the model is able to predict the variation of the inner radius
and the torsion with respect to the voltage reasonably well.
Fig. 10 shows the measured and model-predicted torsion
for Sample 2. The measured peak-to-peak torsion was about
7.4◦ /m, and thus, smaller than what was achieved by Sample
1 (9.2◦ /m). From Fig. 10, the model has provided a reasonable prediction on both the magnitude and phase of the torsion,
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Fig. 8. Change of inner radius under a 0.005-Hz sinusoidal voltage input for
Sample 1.

Fig. 9.

Fig. 10. Torsion κ under a 0.005-Hz sinusoidal voltage input for Sample 2.
Sample 2 had the same thickness (0.381 mm) and pitch angle (80◦ ) as Sample
1, but with smaller inner radius (1.3 mm versus 2.2 mm).

Torsion κ under a 0.005-Hz sinusoidal voltage input for Sample 1.

without the need for parameter retuning. Since Sample 1 and
Sample 2 differed only in inner radius, the results suggest that
a larger tube radius leads to larger torsional output. We note
that the measured torsion response in Fig. 10 had a trapezoidal
shape, and the error between the measured and predicted torsion responses was relatively big between the extremal points.
This behavior could result from imperfect actuator fabrication,
or from nonideal experimental conditions, and more tests would
be required to confirm or elucidate the observed phenomenon.
Fig. 11 shows the torsion of Sample 3 under the same actuation voltage, as earlier. The measured peak-to-peak torsion was
about 2.1◦ /m, and thus, much lower than that achieved by Sample 1. This implies that, for the same applied voltage, a thicker
actuator generates smaller torsion. This is understandable—
if we borrow the concept from linear elasticity, the torsional
spring constant is bigger for a thicker tube. Fig. 12 shows the
performance of torsional actuation for Sample 4. Comparing
with Sample 3, Sample 4 had the same tube radius and thickness, but with a smaller pitch angle for the fiber winding. The
peak-to-peak torsion reaches 4.6◦ /m for Sample 4, suggesting
the significant influence of the pitch angle. We also note from

Fig. 11. Torsion κ under a 0.005-Hz sinusoidal voltage input for Sample 3.
Sample 3 had the same pitch angle (80◦ ) and inner radius (2.2 mm) as Sample
1, but with larger thickness (0.686 mm versus 0.381 mm).

Fig. 12. Torsion κ under a 0.005-Hz sinusoidal voltage input for Sample 4.
Sample 4 had the same thickness (0.686 mm) and inner radius (2.2 mm) as
Sample 3, but with smaller pitch (60◦ versus 80◦ ).
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both Figs. 11 and 12, that a good match was achieved between
experimental measurements and model-based predictions.
It is to be noted that the aforementioned results indicate that
the magnitude of the torsional output κ correlates in a positive
fashion with the inner radius, and correlates in a negative fashion
with the thickness and pitch angle. As regards to the influence
of the pitch angle, it is important to realize that both axially
aligned fibers (β = 0◦ ) and purely circumferential fibers (β =
90◦ ) cannot give torsion, so that an optimal pitch angle for
torsion will occur at an intermediate value.
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ine the modeling and compensation of these undesirable effects.
Third, the experimental results reported in Section IV-B focused
upon unconstrained torsional displacement. Alternatively, actuator devices could be deployed so as to provide a torque. We will
investigate the torque performance of the torsional actuator, by
developing an suitable apparatus for torque measurement and
by extending the modeling analysis in this paper. Finally, device
applications involving the proposed torsional actuators will be
explored.
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V. CONCLUSION
In this paper, a novel concept for a torsional actuator has
been proposed by embedding helical fibers into a conjugatedpolymer tube. Actuation-induced swelling, together with fiberintroduced material anisotropy, results in torsion and other associated deformation modes. A nonlinear elasticity-based modeling framework has been presented for understanding and predicting the deformation. Experiments on four prototype samples, made of platinum fiber-directed PPy tubes, have confirmed
the capability of such actuators to produce torsion and have
also validated the predictive power of the nonlinear mechanicsmodeling approach. In particular, we have investigated the influence of geometric parameters of the actuator (inner radius,
thickness, and pitch angle) on the torsion output with both experimentation and modeling.
We note that several classes of torsional actuators have been
reported in literature, which are based on electrostatic actuation [36], [37], piezoelectric materials [38], or shape memory
alloy (SMA) materials [39]. While each class of actuators has
its own characteristics, the fiber-directed conjugated-polymerbased torsional actuator presented in this paper has several
unique advantages. It does not require high-voltage actuation
as typical for electrostatic or piezoelectric actuators, and unlike SMA actuators, it generates little heat in actuation. These
properties, together with the biocompatibility of the material,
make the proposed actuator an ideal candidate for biomedical
and biological applications. In addition, this paper supports a
general principle of generating complex deformation with fiberdirected swelling, and it can have implications in developing
actuators capable of other sophisticated motions using conjugated polymer or other electroactive polymers, such as ionic
polymer-metal composites (IPMCs) [40], [41].
Future work will be pursued in a few directions. First, we
will investigate both the nonlinear model-based geometric optimization and improvement of fabrication processes, so as to
increase the torsional displacement. The torsion produced by
the prototypes reported in this paper is relatively small. In addition to the fact that the geometric parameters for the samples
are not optimized, we believe that the stiffness of platinum wire
severely impedes the motion. Therefore, methods of embedding
other types of fibers, including nonconducting ones, should be
examined. Second, the discrepancies between the model predictions and the experimental measurements observed in this paper
suggest that pronounced creep and hysteresis behaviors exist for
the fabricated torsional actuators. It will be of interest to exam-
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