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This paper introduces a novel geometry for a pure-twisting soft morphing actuator that improves the stability of the actuator and allows

it to obtain a larger twisting angle. The smart soft composite (SSC) actuator uses pair of NiTi shape memory alloy (SMA) wires

embedded in a cross-shaped polydimethylsiloxane (PDMS) matrix at constant and opposite eccentricity across the cross-section in

opposite directions in order to produce a twisting motion. To evaluate the twisting performance of the cross-shaped actuator, specimens

with rectangular cross-sections and cross-shaped cross-sections are made and their twist angles are measured and compared. Results

show that the cross-shaped actuator is capable of a higher twisting rate by using a thinner flange due to a more stable twisting motion.
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1. Introduction

Shape memory alloy (SMA) materials are capable of changing their

shape and their mechanical properties due to their unique

thermomechanical properties resulting from the shape memory effect

inherent to this type of material. By mechanical loading, the material is

brought from a twined martensite state to a detwined martensite, but is

capable of recovering their shape when transforming to an austenite

phase through thermal loading. The recoverable pre-strain of this type

of material is about 4 to 5 percent of their initial length, but by

embedding SMA elements within a soft matrix it is possible to produce

a continuous large deformation of the matrix.1

Soft morphing actuators do not need any type of external source of

actuation and are thus a good choice as a compact and lightweight

actuator in critical applications. They have been used in morphing

applications such as morphing wings2 in order to increase performance,

control and fuel efficiency of unmanned aerial vehicles (UAV).

However, limitations exist in terms of performances and modes of

actuation.

This type of actuator was first proposed in 1992 by Lagoudas and

Tadjbakhsh where SMA fibers were embedded in a flexible rod.3

Bending actuators with embedded SMA elements have been proposed

by Icardi,4 Wang and Shahinpoor,5 Sun and Sun6 and Choi and Lee.7

Wang et al.8 and Zhou and Lloyd9 showed that a softer matrix leads to

larger deflection while the latter also showed that a thinner matrix leads

to a higher deflection. Ryu et al.10 used alternated harder and softer

sections to increase the deflection of the actuator. Jung et al.11 showed

that a thinner structure along with higher SMA eccentricity leads to a

higher deflection of the actuator.

Spinella et al.12 and Paik et al.13 developed twisting actuators with

externally embedded SMA elements. However, Kim et al.14 were the

first to realize a large twisting deformation of a structure through

embedded SMA wire, but this twisting motion was coupled to a

bending deflection.

In this work, a smart soft composite (SSC) twisting actuator with a

cross-shaped cross-section is presented and compared to rectangular-

shaped actuator with the same actuation mechanism. The cross-shaped

cross-section allows the use of a thinner matrix which leads to a higher

twisting angle. The design, fabrication method, model and results of the

rectangular shaped actuator and a cross-shaped actuator are presented

and compared.

2. Actuator Design and Experimental Set Up

This actuator functions by having two SMA wires at an angle within

the matrix at opposite eccentricity which create a twisting force around

a center of rotation and negate the bending moment created by using
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a single SMA wire. Two types of actuators are used in this paper, the

first is with a rectangular cross-section and the second is with a cross-

shaped cross-section. Fig. 1 shows the configuration of the rectangular

actuator and Fig. 2 shows the cross-shaped actuator with the

dimensional variable being labeled as “a” in both figures. Molds are

manufactured by pouring polydimethylsiloxane (PDMS) in an

acrylonitrile butadiene styrene (ABS) mold manufactured by rapid

prototyping (RP) with holes used to position the SMA wires

(FLEXINOL from Dynalloy, Inc., NiTi) which are pre-strained and

fixed. The mold is removed after curing of the assembly at a

temperature below the martensite transformation temperature.

Throughout this paper, the width will be referred as being in the X

direction, the thickness as being in the Y direction and the length as

being in the Z direction.

The actuator is fixed at one end with the length being in the vertical

position, the actuator is actuated through joule heating of the SMA

wires until no further movement can be detected visually. The twisting

angle is then measured by taking the angle between the fixed end and

the free end. The experimental setup is shown in Fig. 3, where the

twisting angle is measured about the Z axis.

3. Model

Equation 1 is used to predict the twisting angle of each actuator where

θ is the twisting angle, T is the twisting force, L is the length of the actuator,

J is the torsion constant and G is the shear modulus of PDMS (0.61 MPa).

(1)

T is calculated using Equation 2 which calculates the twisting force

produced by the components of the forces in X of both SMA wires

about the center of rotation. lmat and wmat are respectively the length and

width of the matrix, tSMA is the distance in Y between the two SMA

wires and FSMA is the maximum pull force of the SMA wire (5.586N)

as described by the manufacturer.15

(2)

J is calculated using Equation 3 for the rectangular actuator where

tmat is the thickness of the matrix and using Equation 4 for the cross-

shaped actuator where tflange is the thickness of the flanges.

(3)

(4)

4. Results

Rectangular actuators with a length and width of 100.0 mm by

10.0 mm were built with varying thicknesses. Three samples were built

for each thickness of 10.0 mm, 8.0 mm, 6.0 mm, 4.0 mm, 3.0 mm,

2.5 mm, 2.0 mm and 1.5 mm. Due to the thin matrix, the actuators with

thicknesses of 1.5 mm and 2.0 mm produced too much bending to have

a measurable twisting angle. Results for the other samples are shown in

Fig. 4 with the results of the model shown as a dashed line.

Results show that the twisting angle is much lower than that predicted
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Fig. 1 Configuration of the rectangular twisting actuator

Fig. 2 Configuration of the cross-shaped twisting actuator

Fig. 3 Experimental setup for the twisting angle
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by the model. This is due to bending of the matrix during actuation which

reduces the twisting angle. As the matrix gets thinner, larger bending of

the matrix is observed and bending becomes the main mode of actuation

in the case of the actuators with matrix thicknesses of 2.0 mm and

1.5 mm. This is due to the force of the SMA acting in the Z direction of

the actuator being too large for the actuator to sustain due to a low

moment of inertia (IYY) in the Y direction. This results in bending of the

actuator as shown in Fig. 5.

Actuators with a cross-shaped cross-section with a length of

100.0 mm, overall cross-section dimensions of 10.0 mm by 10.0 mm and

variable flange thicknesses were built. The thickness of all four flanges

are equal in order to obtain IXX = IYY. Samples were built with flange sizes

of 4.0 mm, 3.5 mm, 3.0 mm, 2.5 mm, 2.0 mm and 1.5 mm. Results are

shown in Fig. 6 with the results of the model shown as a dashed line.

Results show that the actuator was capable of producing a stable

twisting motion for all flange thicknesses with the maximum twisting

angle being produced by the actuator with a flange thickness of 2.0 mm

with 1.5 mm producing a similar twisting angle. At lower flange

thicknesses, the reduction in torsion constant J is balanced by the

reduction in distance between the SMA wires tSMA, resulting in a

reduction of the twisting angle.

When the matrix thickness of the rectangular actuator and the flange

thickness of the cross-shaped actuator are equal, the torsion constant (J)

is higher for the cross-shaped actuator. However, the bending of the

matrix of the rectangular actuator diminishes its performance such that

the twisting angle is similar for both actuators with the same flange and

matrix thickness. Furthermore, the higher stability resulting from having

IXX = IYY allows for a thinner flange thickness than that allowable for a

rectangular actuator of the same thickness. This results in a larger

maximum possible twisting angle for a cross-shaped actuator of a certain

length and width than that of a rectangular actuator with the same length

and width. Thus, the maximum angle of the cross-shaped actuator was

81.05 degrees versus 56.4 degrees for the rectangular actuator.

5. Conclusion 

In this work, a novel geometry for a pure-twisting soft morphing

actuator was developed in order to obtain a larger twisting angle. This

geometry increases the stability of the actuator which allows for a thinner

matrix resulting in a larger twisting angle. Samples were built for a

rectangular cross-section and a cross-shaped cross-section with varying

geometry thicknesses. Results showed that the rectangular shaped

actuator failed when the matrix was too thin due to large bending of the

actuator. However, the cross-shaped actuator was able to remain stable

for flange thicknesses as thin as 1.5 mm. Thus, the maximum angle of the

cross-shaped actuator was 43 percent higher than that of the rectangular

shaped actuator for the width and length used in this experiment.
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