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Abstract 

 

Design and Manufacturing of Twisting 

Soft Composite Actuators with Shape 

Memory Alloy Wires 
 

Hugo Rodrigue 
Department of Mechanical and Aerospace Engineering 

The Graduate School 
Seoul National University 

 

Soft actuators can use a variety of actuation source, and each source of 

actuation has its own characteristics, limitations and advantages. Although the 

performance of each type of soft actuator is directly related to the performance 

of the components used, the envelope of possible functions and applications is 

also largely advanced by the development of new design and manufacturing 

methods that allow new ways of implementing the components of these 

actuators. 

In this work, an actuation mechanism for a smart soft composite actuator 

comprised of shape memory alloy (SMA) wires in a soft polymeric matrix was 

developed that enabled the pure-twisting deformation of the actuator using only 

two SMA wires. PID control of the twisting angle of the actuator by using the 

resistance of the SMA wire as the process variable is demonstrated. The design 

was then extended to allow deformations in multiple directions for multiple 
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modes of actuations using four SMA wires. The developed actuator is capable 

of forward and backward bending, clockwise and counter-clockwise twisting, 

and of the four combinations of bending and twisting deformations. The 

deformation of this actuator are approximated using a commercial finite 

element analysis software, which shows that it is possible to predict the 

deformation of this type of actuator. 

New manufacturing methods for this type of actuator were developed to 

enable the manufacturing of actuators with different mechanical characteristics 

and actuation performance. Interference fit molds were used to enable the 

fabrication of actuators with more complex external geometries and with 

matrices containing multiple polymeric materials. A method called 3D Soft 

Lithography was developed for the 3D fabrication of thermocurable polymers 

with complex external and internal features, and then applied to the developed 

twisting actuator. Then double Smart Soft Composite (SSC) casting was 

developed to allow the manufacturing of actuators with non-linear SMA wire 

positioning. Each of the three methods allows the circumvention of some of the 

limitations of simple molds. 

The developed designs and manufacturing methods were implemented in 

two different applications. The first is a soft artificial wrist capable of both 

sustaining a load at one end, such as when holding an object, and of producing 

a twisting deformation. The second application is a soft robotic tongue capable 

of three different motions that are commonly used during communication and 

feeding. 

 

Keywords: Smart soft composite, shape memory alloy, artificial muscle, 
twisting actuator 
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Chapter 1. Introduction 
 

1.1 Overview 
Movement is one of the basic requirements for the functioning of many 

applications. For this reason, the fabrication and development of motors, rotors 

and actuators has been one of the focal points of engineering research. They 

have enabled the fabrication of some of the most important objects that we use 

as part of our daily lives. Thus, the fabrication of actuators with diverse 

characteristics is one of the enabling elements of engineering design and the 

selection of the appropriate actuator for a specific application is one of the first 

steps in the design process, and this selection is based on a multitude of metrics 

[1]. Since the last 25 years, some researchers have focused on developing soft 

actuators making use of smart materials where the entire actuator deforms in a 

smooth and continuous manner that resembles the way some plants and animals 

deform. Smart materials present large advantages over traditional mechanical 

systems since they are able to reproduce some of their functions such as the 

production of movement or of a force, but with a fraction of the components. 

Thus, they have been used to produce soft actuators with characteristics that 

cannot be replaced using traditional mechanical systems. However, their 

limitations in terms of range of motion, types of motion, actuation frequency 

and mechanical properties have dictated which types of soft actuators can be 

used for which applications. In order to increase the range of applications of 

these soft actuators, it is vital to conduct research on the design of these 

actuators and the manufacturing methods that increase their capabilities. 

Among the smart materials used in the fabrication of soft actuators, shape 

memory alloys (SMA) exhibit characteristics such as high force-to-weight ratio 
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and a simple actuation method that make them advantageous for many 

applications. These SMAs function by changing from a martensite phase at low 

temperatures, which can either be of the twinned or detwined type, to an 

austenite phase at high temperatures. Through mechanical loading, the 

martensite phase can be converted from the twinned to the detwined type of 

martensite and then recover its original shape when changing to the austenite 

phase. This process allows SMA materials to be pre-strained and to contract 

when heated by up to 8% depending on the exact composition of the material. 

However, by embedding SMA wires in a soft polymeric matrix, it is possible to 

couple the limited deformation of the wires with that of the matrix and to 

produce large continuous deformations of the matrix. This type of composite 

actuator, called smart soft composite (SSC) actuator, is typically used to 

produce bending motions and has been used in diverse applications. 

 

1.2 SMA-based soft actuators 
The first structures making use of SMA elements embedded in a matrix to 

produce a deformation of a matrix were modeled by Rogers et al. where the 

structure were either simply supported bending beams or doubly supported 

buckling columns [2, 3]. Lagoudas et al. proposed their own models for the 

buckling of a column with two fixed-ends [4, 5], while Sun and Sun proposed 

a reinforced lamina with embedded SMA wires that contracts upon actuation 

[6]. Brinson et al. proposed one of the most popular constitutive model for the 

behavior of shape memory alloys [7] and then applied it to the bending of a 

beam through an externally positioned SMA wire [8]. Shu et al. solved a similar 

problem using the Lagoudas model [9]. Similar principles for a beam which is 

deflected using an externally positioned SMA wires have also been proposed 
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by other authors [10, 11]. Blonk et al. also investigated the bending of an 

elastomeric beam fixed at both ends with an embedded two-way shape memory 

alloy [12]. 

Bending actuators are the most widely researched type of SSC actuator 

with an out-of-plane deformation. Sun and Sun proposed a model with 

theoretical results for a bending actuator composed of SMA wires embedded in 

a fiber and resin matrix capable of a limited deformation [13]. Wang and 

Shahinpoor proposed the first SMA-based actuators capable of large 

deformations by placing an SMA wire inside a soft plastic tube that is embedded 

within the matrix [14]. Lu et al. proposed a bending actuator using SMA face 

sheets and a triangular corrugated core [15]. The first large bending actuator 

using an SMA wire embedded directly within the matrix was proposed by Icardi 

and the Brinson model was used to model its deflection [16]. Yang and Gu used 

a SMA wire to bend the matrix and another located along the axis of the matrix 

for recovery of the bending position [17, 18]. Kai and Chenglin proposed using 

three SMA wires symmetrically embedded off-axially in a tube-shaped matrix 

to allow the actuator to bend in multiple directions [19]. Wang et al. obtained a 

maximum bending angle of 108 ° using an SMA wire embedded in a silicone 

skin attached to an polyvinyl chloride (PVC) substrate [20, 21]. Zhou and Llyod 

compared bending actuators with carbon/epoxy and E-glass/epoxy embedded 

with multiple SMA wires, and found that the latter had better bending 

performance due to the softer matrix [22]. Jung et al. proposed using a curved 

mold to fabricate actuators with a glass fiber reinforced polymer (GFRP) matrix 

and a curved initial position [23, 24], and the same fabrication method was used 

by Kim et al. to manufacture an inchworm robot [25]. Villanueva et al. 

proposed embedding SMA wires and a thin steel plate in silicone to improve 

the bending angle of the actuator to nearly 180° [26, 27]. Crews and Smith 
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proposed a variation on the concept of the bending actuator with external SMA 

wires by attaching the SMA wires to the flexible beam at multiple points along 

the length of the beam [28]. Du et al. did further modeling and experiments for 

a bending actuator consisting of an SMA wire embedded in a silicone matrix 

[29]. Elwaleed et al. proposed using two bending actuators with externally 

attached SMA wires attached at both ends such that the bending deformation of 

each actuator cancel each other, but that there is a linear change in length greater 

than that of the individual SMA wires [30]. 

Although bending SMA actuators have been the most widely studied type 

of SMA actuators with out-of-plane deformations, other types of actuators have 

also been developed. Gabriel et al. fabricated a rotary actuator using the 

torsional strain recovery of an SMA fixed at both ends, with an object attached 

on the SMA wire that rotates around the SMA wire [31]. Kuribayashi proposed 

a joint actuator using external SMA elements to produce the rotation of the joint 

actuator [32]. Spinella et al. proposed using multiple SMA springs to make a 

mechanical system capable of producing a rotary motion [33]. Lai et al. 

developed a concept for a manipulator with two degrees of freedom (DOF) 

using two mechanical links actuated by the linear deformation of external SMA 

wires [34]. SMA plates making use of memory shape training have been used 

to create torsional hinge plates [35]. Chandra proposed using a composite lay-

up with anisotropic properties and embedded SMA strips so that the 

deformation of the beam produces a coupled bending and twisting deformation 

[36]. Kim et al. proposed using a composite beam with angled fibers to induce 

anisotropic properties to the matrix and produce a coupled bending and twisting 

deformation of the actuator, but with limited deformations [37]. Ahn et al. and 

Kim et al. proposed embedding material inside of a soft polymeric matrix to 

induce anisotropic properties to the matrix such that a bending actuator is 
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capable of large deformations with a coupled bending and twisting deformation 

[38, 39]. However, none of these actuators are capable of continuous twisting 

deformations and all SMA-based soft actuators have a single mode of actuation. 

 

1.3 Other types of soft actuators 
Electroactive polymers (EAP) are polymers that change size and shape 

when stimulated by an electric field by contracting in one direction and 

expanding in another. EAP films can be stacked in order to form bending 

actuators and formed as a tube to produce a linear extension [40]. EAP actuators 

capable of bending in multiple directions have also been developed [41, 42]. 

Such actuators have also been fabricated in a helical shape capable of producing 

a linear contraction [43]. Using multiple folded dielectric elastomer actuators 

each capable of producing a linear contraction, Carpi and De Rossi fabricated 

a joint actuator that is used to control the direction of an eyeball [44]. By 

positioning multiple actuators in parallel around a moving central point, 

actuators capable of two-dimensional motions have been developed [45-47], 

and by using two such actuators in parallel an actuator capable of producing an 

actuator with five DOFs including three-dimensional translations and rotations 

about two axes [48]. Although EAPs are capable of a multitude of types of 

deformation, their mode of deformation is quite different from SMA-based 

actuators and so are their way of being implemented in their target applications. 

Bending piezoelectric actuators are capable of actuating at extremely high 

frequencies [49], although with a relatively small deformation in comparison to 

the other types of smart actuators. Piezoelectric actuators positioned at an angle 

along the length of a rotor blade can be used to change the attack angle of the 

rotor blade by twisting it along the length [50, 51]. Piezoelectric actuators can 
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be combined with an anisotropic composite laminates to produce a coupled 

bending and twisting deformation of the actuator [52, 53] and a similar concept 

has been implemented into a rotor blade [54]. This type of actuator is limited in 

terms of its deformation and is generally used in applications where the 

actuation frequency is the critical characteristic of the actuator. 

Ionic polymer metal composite (IPMC) actuators function by the 

movement of ions and anions within a membrane due to an applied voltage to 

electrodes on the surface of the membrane. The basic mode of motion of these 

actuators is bending [55]. However, by segmenting the electrodes, it is possible 

to fabricate actuators with multiple DOFs. By patterning the electrode in 

multiple segments along the length, the actuator is capable of bending different 

sections of the actuator in different directions [56, 57]. By segmenting the 

electrode along the length and the width, it is possible to also create limited 

twisting deformations [58-61]. An actuator with a square cross-section with 

different electrodes on each face or a circular cross-section with multiple 

electrodes on the surface can be used to produce biaxial bending deformations 

[62-65]. These actuators are capable of multiple DOFs and require only a source 

of current and have actuation modes the most similar to SSC actuators; they are 

thus the type of actuator most comparable to SSC actuators. 

Soft pneumatic actuators are capable of very large deformations and are 

also capable of different modes of actuation. Pneumatic actuators using 

channels in a soft material placed eccentrically create ballooning of the matrix 

that can be used to produce bending actuators [66-69], contractile actuators [70] 

or twisting actuators [71, 72]. If the cavities are placed at different orientations 

with respect to the center, it is possible to bend in multiple directions [73-75] 

or to realize the expansion of a cavity [76]. An alternative is to place stiffer 

material on one side of the actuator, which prevents the actuator from stretching 
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on one side, and creates bending of the structure [77-79]. This type of actuator 

is also capable of actuating at frequencies up to 5 Hz [80]. Mechanical 

constraints can be added to modulate the deformation of pneumatic elastic 

shells into diverse motions such as linear contraction, bending or twisting [81-

83]. However, the pump used to provide the air pressure in the actuator defines 

the capabilities of the actuator, which increases the requirements for this type 

of actuator. 

 

1.4 Soft robotic applications 
Although SMA actuators are capable of being used as tendons to 

manufacture robots capable of various motions, such as grippers [84] and hands 

capable of multiple postures [85-89], they can also be integrated inside of the 

robot to produce linear deformations that cause different deformations of the 

robot and within a matrix to produce large deformations. The contraction of an 

SMA spring has been used to produce the motion of earthworm-like micro 

robots [90-93] and an earthworm has been developed using SSC actuators for 

the deformation of the body and of the feet [94]. Robotic fish have used SMA 

wires both externally [95-98] and embedded [20, 21, 99] to create biomimetic 

undulating motions. Some underwater robots have been developed using SMA 

wires to create contractions of portions the robot, such as jellyfishes [26, 100, 

101] and a biomimetic cuttlefish [102]. Due to their lightweight and low 

operational requirements, SMA wires and springs have also been used as parts 

of mechanisms such as robotic foldable bat wings [103, 104], jumping robots 

[105, 106] and climbing robots [107]. SMA elements have been used to make 

robots capable of starting in a flat configuration and deforming into a circular 

configuration to proceed into a rolling gait [108, 109], soft robotics octopus-
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inspired arms [110] and biomimetic turtles [39]. SMA wires have also been 

investigated as an actuation source for the mechanism of a mechanical 

hummingbird [111]. 

Other types of actuators have also been used in various applications. Shape 

memory composites have been used to manufacture self-folding composites 

[112], and EAP actuators have been used for the actuation of undulating floating 

fish-inspired robots [113, 114] and to orient robotics eyeballs [115]. Although 

piezoelectric actuators have a high actuating frequency suitable for high speed 

applications such as robotic water striders [116] and robotic flies [117, 118], 

their deformation is limited. Due to this, piezoelectric-actuated underwater 

robots have used mechanical amplification mechanisms [119, 120]. IPMC 

actuators have been implemented in many underwater robotic applications such 

as a tadpole robot [121], a biomimetic jellyfish robot [122] and in a manta ray 

robot [123]. More complex biomimetic motions can be realized combining 

multiple IPMC actuators in a single fin [124, 125] or using segmented 

electrodes [126]. Pneumatic actuators are capable of large deformations with 

good repeatability and have been used in underwater robotics applications such 

as a robotic ray [127] and a robotic fish capable of biomimetic evasive 

maneuvers [128], land robots capable of crawling [129, 130] or rolling [131], 

and small and large grippers [132, 133]. 

 

1.5 Manufacturing methods 
The SSC actuators making use of embedded SMA actuators introduced 

previously either relied on mold-based manufacturing using thermocurable 

polymers that conform themselves to the shape of the SMA elements during 

curing or by positioning the SMA wires during the lay-up of a composite. These 



 

 

 

 

 

 

 

9 

methods add various limitations to the design of SSC actuators including 

limitations to the shape of the matrix and to the positioning of the SMA wires 

within the matrix. In turn, these limitations restrict the range of actuation 

performance and of mechanical properties of the actuator. 

Additive manufacturing (AM) has been a key technology in enabling the 

fabrication of 3D parts with complex shapes that were not possible before, such 

as parts with complex internal structures. These processes have been developed 

in such a way that a large range of materials can be built, such as the fabrication 

of parts made from thermoplastics using fused deposition modeling (FDM) 

processes, and metals and ceramic parts using selective laser sintering (SLS) 

processes. One solution to enable the use of polymers in AM has been to use 

photosensitive polymers which can be cured through chemical reactions that 

are triggered by exposure to ultraviolet light, gamma rays, X-rays, electron 

beams, lasers or visible light. Stereolithography relies on a moving platform 

immersed in a vat of photopolymer on which the material is cured layer by layer. 

Another approach used is polymer shape deposition manufacturing (SDM) 

which consists of using of a two-part thermoset resins which are mixed and 

immediately cast [134]. These processes are capable of fabricating 3D parts 

with high resolution, but the need for a photosensitive polymer or a polymer 

which solidifies nearly immediately after mixing limits the range of polymers 

that can be manufactured using these methods. A more complete overview of 

the capabilities of these processes is provided by Gibson et al. [135], however 

none are applicable to the fabrication of SSC structures.  

A method for the implementation of 3D small vascular networks using 

fugitive ink which is liquefied and removed through heating has been proposed 

by Wu et al. using the suspension of the ink in a polymer vat and by Therriault 

et al. using a fugitive ink scaffold fabricated through direct write (DW) which 
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is immersed in the polymer [136, 137]. However, the dimensions of the 

channels are limited by the dimension of the ink extruder. The curing 

temperature should also be maintained below the melting temperature of the 

fugitive ink and these methods have not been tested for the manufacturing of 

SSC structures.  

Soft lithography can be used to form polymer structure with 2.5D channels 

by using a 2.5D patterned structure on which the polymer is cured [138]. 

Anderson et al. proposed using a bottom and a top master to obtain structures 

with 2.5D features originating from both ends of the structure [139]. 3D parts 

can also be built by stacking layers of polymer made through this method [140] 

and the process can be combined with mechanical machining to obtain more 

complex geometries [141]. Bonyár et al. proposed using a mold fabricated 

through AM for soft lithography and compared the accuracy for different 

printing modes [142]. Shao et al. proposed using polydimethylsiloxane (PDMS) 

which has undergone surface treatment as the master mold for PDMS parts to 

facilitate the demolding process and thus enable the fabrication of 2.5D parts 

with high aspect ratios [143]. However, processes using masters have many 

geometric limitations stemming from having to stack 2.5D layers to obtain 3D 

structures. Song et al. proposed embedding a wire in a matrix and removing 

this wire by pulling to create 3D circular channels, but the diameter of the 

channels is fixed by the diameter of the wire [144]. These methods all have 

limitations in terms of the manufacturable shapes or are not applicable to the 

fabrication of SSC actuators. Thus, the use of molds remains the leading 

method for the fabrication of SSC actuators with a matrix made from a 

thermocurable polymer. 
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1.6 Goals of research 
The choice of an actuator for a specific application depends on whether the 

requirements of the application match with the capability of the actuator. Thus, 

the development of actuators with new modes of actuation and new capabilities 

enables their use in new applications that expand the horizon of designers and 

allows the advancement of engineering. The first focus of this work is to 

develop new SMA-based soft actuator designs capable of new modes of 

actuation and of multiple modes of motions. The second focus is to develop 

new manufacturing methods in order to build such actuators with improved 

actuation performance or to build soft and compliant twisting actuator, yet 

capable of sustaining a tip load. Finally, new artificial muscle applications 

making use of the developed designs and manufacturing methods are proposed. 

When fabricating SSC structures, SMA wires are usually positioned along 

the length of the matrix, which results in a bending movement due to 

eccentricity of the SMA wire within the matrix. However, this type of design 

limits the types of motion possible with these actuators. The first chapter of this 

work focuses on the design of SSC actuators where the SMA wires are placed 

at an angle within the matrix, which was first used to make an actuator capable 

of a pure-twisting motion, and then to make an actuator capable of multiple 

modes of actuation including, bending, twisting and combined bending and 

twisting motions in multiple direction without using anisotropic material 

properties 

Most SSC actuators are manufactured by positioning SMA wires within 

the structure during the lay-up of the composite structure or during curing of 

the polymeric matrix using a simple mold. Albeit simple, this fabrication 

method introduces significant limitations on the possible geometric 
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configurations of the polymeric matrix and on the position of the SMA wires 

within the matrix. The second chapter of this work will focus on introducing 

new manufacturing methods for these actuators that each circumvent different 

limitations of simple molds to enable the fabrication of actuators with diverse 

cross-sections and to be able to position the SMA wires within the matrix in a 

non-linear way. This allows the fabrication of actuators with better actuation 

performance and actuators capable of sustaining a cantilever load while 

undergoing a twisting deformation, but these methods can also be used in the 

fabrication of other types of actuators as well as any type of polymeric 

structures.  

In the third chapter, the designs and manufacturing methods introduced in 

this work are used to develop an artificial wrist capable of producing a twisting 

motion even when one extremity is undergoing an external load, as to highlight 

the new capabilities of stiff and compliant SSC twisting actuators, and an 

artificial tongue capable of multiple motions that are used for feeding and 

communicating in order to show the capabilities of the actuator capable of 

multiple modes of motion.  
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Chapter 2. Design 
 

2.1 Overview 
Previous SMA-based smart soft composite actuators have either only 

focused on bending actuators or on actuators making use of anisotropic material 

properties to realize an actuator with a coupled bending and twisting motion. 

Only IPMC actuators have been able to realize two-directional pure-twisting 

deformations and actuators capable of both bending and twisting, though 

combined bending and twisting has not been demonstrated for these actuators. 

Although SMA-based, pneumatic and piezoelectric actuators have been able to 

produce bending and twisting deformations, they have not been capable of 

generating deformations without making use of anisotropic properties of the 

actuator. This section introduces new SSC actuator designs using only SMA 

wires embedded in a polymeric matrix to produce the different deformations of 

the structure. First, an actuator capable of pure-twisting that consists of only 

two SMA wires and a polymeric matrix is introduced and then this design is 

extended to build an actuator containing four SMA wires capable of multiple 

modes of actuation including bending in two directions, twisting clockwise and 

counter-clockwise, and combined bending and twisting deformations in the 

four combinations the aforementioned motions. 

 These actuators have a simple rectangular cross-section and use a simple 

mold casting method to fabricate SSC actuators comprised only of PDMS and 

SMA wires that are capable of large deformations. First, the design and 

manufacturing method of the pure-twisting actuator is introduced and a 

parametric study is conducted on the matrix dimensions to determine their 

effect on the twisting angle and torque generated by the actuator. Then, the use 
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of a PID controller to control of the twisting angle of this actuator through the 

resistance of the SMA wires and the current input is presented and tested. 

This design is then extended to produce an actuator capable of multiple 

modes of actuation and of actuating in multiple directions for each mode, and 

actuators of different lengths are tested to validate the design of the actuator 

and to test the capabilities of the proposed actuator in the different modes of 

actuation. Finite element analysis (FEA) is used to predict the performance of 

this actuator and a good agreement was found with the experimental results. 

 

2.2 Pure-twisting SSC actuator 
Although other types of smart materials have been used to produce 

actuators with pure-twisting deformations, composites structures combining 

SMA elements and a soft matrix have never been used to produce a pure-

twisting actuator. In this section, two SMA wires embedded in a PDMS matrix 

are used to develop a beam-like twisting actuator capable of large twisting 

deformations that relies solely on the SMA wires to produce the deformation of 

the actuator as shown in Figure 2.1. The basic design of the actuator is 

introduced along with the manufacturing method, and the effect of the matrix 

dimensions on the twisting angle and the torque of a rectangular actuator are 

investigated. PID control is then shown to be usable to control the twisting 

angle of this type of actuator. 

 

2.2.1 Design 
The basic mechanism for this actuator relies on the actuation of two SMA 

wires each embedded with constant and opposite eccentricity within the matrix 

that go across the cross-section in opposite direction. This layout is shown in 
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Figure 2.2. 

 

 

Figure 2.1 Twisting deformation of the actuator 

 

Figure 2.2 Layout of the pure-twisting actuator 
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The width will be referred as being the dimension parallel to the X axis, 

the thickness as being parallel to the Y axis and the length as being parallel to 

the Z axis. The opposite eccentricity of the two wires cancels the deflection in 

the Y axis that would occur if only one wire was used while their opposite 

direction within the matrix combined with their opposite eccentricity creates a 

rotation about the central axis of the actuator. Depending on the direction of the 

embedded wires the actuator can be built to produce a motion in either the 

clockwise or the counter-clockwise direction. 

 

2.2.2 Manufacturing 
Each sample is built by first fabricating an acrylonitrile butadiene styrene 

(ABS) mold through FDM in the shape of the actuator with holes for 

positioning of the SMA wires within the structure. Second, SMA wires are 

inserted into the structure through the holes within the mold, pre-strained 

through mechanical loading and held in place with the help of bolts attached to 

a fixture. This assembly is shown in Figure 2.3. Third, PDMS (Sylgard 184 

from Dow Corning) is mixed with a base to catalyst ratio of 10:1, poured into 

the mold and cured for 8 hours at 57°C, which is below the austenite 

transformation temperature of the SMA wires. No time value was given by the 

manufacturer for this temperature, but it was observed to be sufficient for 

complete curing of the matrix at that temperature. PDMS is stable for 

temperatures well above the temperatures required for the SMA to be fully 

actuated and their surfaces are bonded through the PDMS being cured in the 

same mold as the SMA wires. Finally, the actuator is removed from the mold 

and the SMA wires are connected in series.  
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Figure 2.3 Assembly for the fabrication of the actuator 

 

The SMA wires used in this section are Flexinol® nickel-titanium alloy 

actuator wires made by Dynalloy, Inc. with a diameter of 0.008 inches (203.2 

μm) and an austenite start temperature of 68°C. The properties of the SMA 

wires are shown in Table 1 and of the PDMS in Table 2. 

 

Table 1 Material properties of SMA wires (Flexinol® nickel-titanium alloy 

wires by Dynalloy, Inc.) 

Parameter Value (Unit) 
Austenite start temperature (𝐴𝐴𝑠𝑠) 68°C 
Young’s modulus, Martensite phase (𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ) 28 GPa 
Young’s modulus, Austenite phase (𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ) 75 GPa 
Shear modulus, Martensite phase (𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ) 10.56 GPa 
Shear modulus, Austenite phase (𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ) 28.20 GPa 
Poisson ratio (𝜈𝜈𝑆𝑆𝑆𝑆𝑆𝑆) 0.33 
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Table 2 Curing and material properties of PDMS (Sylgard 184 from Dow 

Corning.) 

Parameter Value (Unit) 
Curing time at 150°C 10 min 
Curing time at 100°C 35 min 
Curing time at 25°C 48 h 
Useful temperature range -45°C to 200°C 
Young’s modulus (𝐸𝐸𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆) 1.84 MPa 
Shear modulus (𝐺𝐺𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆) 0.62 MPa 
Poisson ratio (𝜈𝜈𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆) 0.5 

    
 

2.2.3 Experimental setup 

2.2.3.1 Twisting angle measurement setup 
The twisting angle of the actuator is calculated by attaching the actuator 

vertically in the Z-direction and clamping the top 15 mm of the upper end of 

the actuator. Afterwards, the actuator is fully actuated by Joule heating of the 

SMA wires until no further movement can be seen (at least 1.0 A). The twisting 

angle is then measured by calculating the angle of the free-end relative to the 

clamped-end of the actuator as shown in Figure 2.4.  
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Figure 2.4 Setup for measurement of the twisting angle of the actuator 

 

2.2.3.2 Torque measurement setup 
The torque is calculated by clamping both ends of the actuator vertically 

along the Z axis. The actuator is clamped by 15 mm on the top section, 10 mm 

on the bottom section and the bottom clamp is connected to a dynamometer to 

measure the forces produced by the actuator. The dynamometer used is a Kistler 

Type 9256C1 connected to a six-channel charge amplifier Kistler Type 5070.  

The actuator is then actuated for 16 seconds through Joule heating under similar 

conditions to that of the twisting angle experiment and the maximum torque 

around the vertical axis is taken as the torque of the actuator. The clamping 

setup along with the connection to the dynamometer is shown in Figure 2.5.  
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Figure 2.5 Setup for measurement of the torque of the actuator 

 

2.2.4 Results 
Experiments were conducted to understand the effect of the matrix 

dimensions on the performance of the actuator. To do so, actuators with various 

widths, lengths and thicknesses were tested where any two parameters are kept 

constant in order to understand the individual effect of each of these parameters 

on the maximum twisting angle and on the maximum torque of the actuator. 

In these experiments, a base size of 4 mm in thickness, 125 mm in length 

and 20 mm in width is used with only one dimension being varied across a 

range of values. Both ends of the SMA wires are located near the corners at 
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0.875 mm in X and Y from the surfaces on each end of the actuator and kept at 

a constant eccentricity in Y throughout. 

 

2.2.3.3 Results for the width of the actuator 
In the first experiment, the effect of the width of the actuator on the twisting 

angle and torque is analyzed by keeping constant the length and thickness of 

the matrix while varying the width. The actuator length is kept at 125 mm, the 

thickness at 4 mm and three samples are built for each widths from 5 mm to 50 

mm in 5 mm intervals. Results are shown in Figure 2.6 for the twisting angle 

and Figure 2.7 for the torque. 

 

Figure 2.6 Effect of the actuator’s width on the twisting angle the actuator 
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Figure 2.7 Effect of the actuator’s width on the torque the actuator 

 

Results for this experiment show that both the twisting angle and the torque 

of the actuator increases significantly up to widths of 30 mm and then both 

reduce slightly for larger widths. According to these results, there is an optimal 

point for the width of the actuator to optimize both the twisting angle and the 

torque around 25 mm for the selected length and thickness of the actuator. 

When actuating an actuator with a thin width, it was seen that the matrix 

of the actuator undergoes buckling, which prevents the SMA wires from 

properly inducing the matrix into the twisting mode of actuation. The buckling 

deformation of the sample with a width of 5 mm is shown in Figure 2.8. 
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Figure 2.8 Buckling of a pure-twisting SSC actuator 

 

2.2.3.4 Results for the width of the actuator 
The second experiment is similar to the preceding with the thickness being 

kept constant instead of the width. The actuator length is kept at 125 mm, the 

width at 20 mm and three samples are built for each thicknesses ranging from 

3 mm to 10 mm in 0.5 mm intervals. Results are shown in Figure 2.9 for the 

twisting angle and Figure 2.10 for the torque. 
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Figure 2.9 Effect of the actuator’s thickness on the twisting angle the actuator 

 

 

Figure 2.10 Effect of the actuator’s thickness on the torque of the actuator 
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The results of the experiments show that the thickness cannot be optimized 

to maximize both the twisting angle and the torque as there is an inverse 

correlation between both. A thinner actuator leads to a larger twisting angle 

while a thicker actuator increases the torque. As the actuator gets thicker, 

increments in thickness have reduced effect. This is due to the distance from 

the SMA wires being directly related to twisting moment about the center point, 

which is related to the thickness, and the thickness increasing the torsional 

stiffness of the actuator. 

 

2.2.3.5 Results for the length of the actuator 
The third experiment is similar to the preceding experiments with the 

length being varied instead of the width or the thickness. The actuator width is 

kept constant at 20 mm, the thickness at 4 mm and three samples are built for 

each lengths from 50 mm to 200 mm in 12.5 mm intervals. Results are shown 

in Figure 2.11 for the twisting angle and Figure 2.12 for the torque. 

Results from these experiments show that both the twisting angle and the 

torque increase with the length of the actuator, but that both display an 

asymptotic behavior as the actuator gets longer. This effect is more pronounced 

for the torque where there is essentially no increase in torque for actuators 

longer than 125 mm.  
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Figure 2.11 Effect of the actuator’s length on the twisting angle the actuator 

 

Figure 2.12 Effect of the actuator’s length on the torque the actuator 
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2.2.5 PID control 
In previous experiments, only the maximum deformation of the angle was 

tested, which depends mostly on the matrix dimensions, and the diameter and 

properties of the SMA wires used. Although PI and PID controllers have 

previously been used to control the deformation of various SMA-based designs 

such as antagonistically positioned SMA wires and for bending structures using 

external SMA wires, this type of control method has never been tested in 

bending or twisting SSC structures [145, 146]. 

In order to obtain different twisting angles using the same actuator, the 

resistance of the SMA wire can be used as a type of self-sensing sensor within 

the actuator since the change in deformation of the SMA wires corresponds to 

a change in resistance. In order to control the resistance of the SMA wires, a 

PID controller is implemented in Labview 2012 in conjunction with the NI 

CompactRIO platform. The NI 9264 module is used with a custom current 

control board to control the amount of current sent to the actuator and the NI 

9234 module is used to read the voltage within the actuator. From these two 

variables, the resistance can be calculated using Ohm’s law. The setup used is 

shown in Figure 2.13. 
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Figure 2.13 Setup for the PID controller 

 

In this section, the PID controller is used with the process variable (PV) 

being the resistance of the actuator and the controller output being the current 

output to the actuator. This setup is used to reach and maintain a specific 

resistance within the actuator in order to determine the response of a basic SSC 

pure-twisting actuator to the change in resistance of the embedded SMA wires. 

Multiple actuators with 152.4 μm SMA wires, and matrix dimensions of 100 

mm in length, 20 mm in width and 3 mm in thickness were built and tested 

using a camera to record the twisting angle of the actuator. A different SMA 

wire diameter was used so that the range of voltage values during tested 

correspond with the range of values allowable by the voltage input module, 

which is from -5 V to +5 V. The PID settings used for the different gains are P 

= 0.05, I = 0.0005 and D = 0.0005. 

The initial resistance of the actuators were first measured by applying a 

current of 0.05 A and then lowering the setpoint for the resistance gradually 

while measuring the twisting angle of the actuator at different resistances. The 

results for five samples with wire diameter of 152.4 µm are shown in Figure 

2.14. 
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Figure 2.14 Twisting angle versus resistance for five SSC twisting actuators 

with SMA wire diameters of 152.4 µm 

 

The results shown in Figure 2.14 show that the twisting angle of the 

actuator depends almost linearly on the change of the resistance of the SMA 

wires within the actuator. Since this resistance can be controlled by PID control 

of the current input into the actuator, it is possible to control the twisting angle 

of the actuator by using a PID controller rather than applying a fixed current to 

reach the maximum angle of the actuator. 

 

2.3 SSC actuator with multiple modes of actuation 
In the previous section, an actuator is introduced that uses two SMA wires 
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to realize a pure-twisting deformation. In this section, the design is extended to 

produce an actuator capable of pure bending, pure twisting as well as combined 

bending and twisting motion in multiple directions. This actuator uses multiple 

SMA wires laid like a twisting actuator containing both a pair of SMA wires 

for clockwise twisting and a pair of wires for counter-clockwise twisting for a 

total of four SMA wires. Depending on which SMA wires are activated, the 

actuator can actuate in multiple modes and directions of actuation. First, the 

design and manufacturing method of the actuator are introduced, second the 

actuation method for the different modes of actuation are detailed, and results 

are shown for the bending and twisting angles for the different modes of 

actuation for actuators of different lengths.  

 

2.3.1 Design and manufacturing 
The proposed actuator consists of a rectangular PDMS matrix embedded 

with four SMA wires. Two SMA wires are located near the top surface and two 

near the bottom surface with all wires maintaining a constant eccentricity from 

the middle plane across the thickness. Each of the 4 wires starts in one corner 

of the matrix and cross the width of the matrix along the length of the actuator, 

similarly to the SMA wire layout of the pure-twisting actuator. The position of 

the SMA wires in the matrix and the notation for each wire is shown in Figure 

2.15. Plastic insulators are also inserted between the SMA wires where they 

cross each other at the middle point of the matrix.  
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Figure 2.15 Position of the four SMA wires within the PDMS matrix 

 

The actuator is manufactured by using an ABS mold fabricated through 

FDM (Stratasys Dimension SST 768) in which holes are used to position the 

SMA wires within the matrix. SMA wires (Dynalloy, Inc.) with a diameter of 

0.006 in (152.4 µm) are inserted through these holes, pre-strained and 

mechanically fixed on a jig using bolts. The properties of the SMA wires were 

shown previously in Table 1. PDMS (Sylgard 184 from Dow Corning mixed 

with a base-to-catalyst ratio of 10:1) is then poured into the mold and cured at 

57°C for 8 hours, which is below the austenite transformation temperature of 

the SMA wires. The curing and material properties of the PDMS were shown 

previously in Table 2. The mold is then cut away and discarded.  

 

2.3.2 Actuation modes 
SMA wires shrink in length and produce a relatively high force when they 

change between the martensite phase at low temperature to the austenite phase 

at high temperature. By embedding the SMA wires eccentrically relative to the 
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middle plane in the matrix, the in-plane force of the SMA wires generate an 

out-of-plane deformation of the actuator upon heating. In the previous actuator 

the bending force generated by each SMA wire was cancelled by the other SMA 

wire and the generated torques were combined. In this actuator, four SMA wires 

are embedded in order to be able to generate different patterns of bending and 

twisting of the actuator such that multiple modes of actuation are possible. The 

actuator is capable of producing three types of motion: pure bending, pure 

twisting and a combined twisting and bending motion. The mode and direction 

of actuation depends on which SMA wires are activated. Each mode is attained 

by activating the corresponding SMA wires through Joule heating by applying 

a current of 0.65 A to all SMA wires to be activated.  

The actuator can be induced into a bending motion by activating either the 

two wires near the top or the bottom surface of the actuator. The actuator will 

bend towards the top surface if the wires A+B are activated and towards the 

bottom surface of the actuator if the wires C+D are activated. If one of these 

wire combinations is activated, the twisting moment generated by both of the 

wires cancel each other and only the bending moment of both wires remains. 

This is the opposite of the actuation pattern of the pure-twisting actuator. The 

wires that are activated for the actuator to bend towards the top surface are 

shown in Figure 2.16 (a) and the resulting motion is shown in Figure 2.16 (d). 

Similarly to the actuator introduced previously, the actuator can be induced 

into a twisting motion by activating the wires with opposite eccentricity and 

opposite directions, with the wires A+D producing a counterclockwise motion 

and the wires B+C producing a clockwise motion. By activating these two wires, 

the bending moment generated by the two wires cancel each other out and only 

the twisting moments of both wires remain. The wires that are activated to 

produce a clockwise twisting motion are shown in Figure 2.16 (b) and the 
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resulting motion is shown in Figure 2.16 (e). 

Activating only one of the four wires will actuate the actuator in one 

bending and one twisting direction. Therefore, the actuator is capable of 

actuating in four directions by combining an upward or downward bending 

deformation and a clockwise or counterclockwise twisting deformation. The 

wire that is activated to produce a bending motion towards the top surface 

combined with a clockwise twisting deformation is shown in Figure 2.16 (c) 

and the corresponding motion is shown in Figure 2.16 (f). 

 

 

Figure 2.16 SMA wires to be activated to produce a: (a) bending, (b) twisting 

and (c) bending and twisting motion, and the resulting motion for a (d) bending, 

(e) twisting and (f) bending and twisting motion. 

 

2.3.3 Experimental setup 
In order to measure the exact orientation of the tip of the actuator, a T-

shaped ABS segment is attached at the tip of the actuator with three visual 

markers labeled A, B and C, as shown in Figure 2.17, and their locations are 
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recorded using two cameras. The first camera records the bottom view of the 

actuator to measure the location of the markers in the X-Y plane and the second 

camera records the front view of the actuator to measure the location of the 

markers in the X-Z plane. Using this setup, the three-dimensional location of 

the points A, B and C are measured at the maximum actuation point, when no 

more movement can be detected visually. 

 

 

Figure 2.17 Position of the three location markers at the tip of the actuator 

undergoing a combined bending and twisting motion 

 

The location of point 𝑂𝑂 located between points 𝐴𝐴 and 𝐵𝐵, which makes 

the vectors 𝐴𝐴𝐵𝐵�����⃗  and 𝑂𝑂𝑂𝑂�����⃗  perpendicular to each other, is calculated using 

Equation 2.1. As shown in Figure 2.18(a), the angle between the vector 𝑂𝑂𝑂𝑂�����⃗  

and a vector in the negative Z direction, which is parallel to the 0° bending 

angle of the actuator, corresponds to the bending angle of the actuator. Similarly, 

as shown in Figure 2.18(b) the angle between vector 𝐴𝐴𝐵𝐵�����⃗  and a vector in the 

positive X direction, which is parallel to the 0° twisting angle of the actuator, 

corresponds to the actuator’s twisting angle of the actuator. The bending and 

twisting angles are calculated by using the vector scalar product between these 
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vectors as shown in Equation 2.2 and Equation 2.3.  

 

 

Figure 2.18 (a) Bending and (b) twisting angles of the actuator 

 

 
( ) ( )
( ) ( ) ( )C A B A

O A B A
B A B A
− ⋅ −

= + −
− ⋅ −

  (2.1) 

 ( )1 0,0, 1
cos

(0,0, 1)
Bending

OC
OC

ϕ − ⋅ −
=

−





  (2.2) 

 
(1,0,0)
(1,0,0)

Twisting
AB
AB

ϕ ⋅
=


   (2.3) 

 

2.3.4 Results 
In order to test the capabilities of the proposed actuator, samples were built 

with varying lengths of 80 mm, 100 mm and 120 mm with a fixed width of 20 
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mm and thickness of 3 mm. Three samples of each length were manufactured 

and the performance of the bending, twisting and combined bending and 

twisting modes of actuation were tested experimentally for each direction of 

actuation. The bending and twisting angles were calculated using the method 

outlined previously. 

The performance of the 80 mm actuator in the bending mode for both the 

forward (FW) and backward (BW) directions are shown in Figure 2.19 (a), for 

the twisting mode for both the clockwise (CW) and counterclockwise (CCW) 

directions in Figure 2.19 (b) and for the combined bending and twisting mode 

of actuation in all combination of bending and twisting directions in Figure 2.19 

(c). The performances of the 100 mm and of the 120 mm actuator are shown in 

the same order in Figure 2.20 and Figure 2.21, respectively. 

 

 

Figure 2.19 Bending and twisting angle of the 80 mm actuator in the (a) bending 

mode, (b) twisting mode and (c) combined bending and twisting mode 
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Figure 2.20 Bending and twisting angle of the 100 mm actuator in the (a) 

bending mode, (b) twisting mode and (c) combined bending and twisting mode 

 

 

Figure 2.21 Bending and twisting angle of the 120 mm actuator in the (a) 

bending mode, (b) twisting mode and (c) combined bending and twisting mode 

 

2.3.5 Discussion 
All of the manufactured actuators have good performance in all modes of 

actuation with longer actuators having better performance in all modes of 

actuation. Both the pure bending and the pure twisting modes of actuation 

showed that the actuation is not perfectly symmetrical. However, due to the 

large deformations shown by the actuator, it is hard to completely mitigate the 
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other modes of actuation to obtain pure bending or pure twisting deformations. 

It can also be seen from the results that there is a difference between the 

forward and backward bending actuation in the pure bending mode and the 

combined bending and twisting mode. This could be due to the distance to the 

middle plane being different between the top and bottom SMA wires caused by 

the limited accuracy of the machine used to manufacture the mold causing the 

wires to be positioned at different distances from the normal plane. There are 

also differences in surface finish between the top and bottom surfaces. However, 

the twisting performance is similar for clockwise and counterclockwise 

twisting. 

 

2.4 Finite element analysis 
FEA is a useful tool in predicting the behavior of materials and has been 

used for predicting the behavior of shape memory alloy materials for numerous 

applications such as an airplane’s active jet engine chevron [147, 148]. 

However, SSC structures have very large deformations that make the 

implementation of this type of solution more complex and less accurate. In this 

section, we attempt to use a commercial finite element modeling software to 

predict the maximum deformation of the previously presented actuator with 

multiple modes of actuation. The goal is to have a simple method to 

approximate the deformation of the actuator. 

 

2.4.1 SMA constitutive models 
The three main constitutive models for the modeling of SMA materials are 

the Takana model, Liang and Rogers model, and the Brinson model [149]. All 

three attempt to model the superelastic and shape memory effect behavior of 
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SMAs, notably with different kinetic equations for the transition to and from 

the austenite phase. All three have slight differences with experimentally tested 

results, but they are still able to generally describe the behavior of SMAs while 

changing phase [150]. In this work, the Brinson model will be used to represent 

the shape recovery of the SMA wires. Based on this model, the constitutive 

equation for the behavior of SMA material can be simplified as follows: 

 

σ Eε θ T ΩξT= + + 


   (2.4) 

 

where σ is the wire stress, E is the Young’s modulus as a function of the 

martensite fraction, θT is the thermal expansion factor, ε is the strain in the SMA 

material, T is the temperature, 𝛺𝛺 = −𝐸𝐸𝜀𝜀𝐿𝐿�  is the phase transformation 

contribution, 𝜀𝜀𝐿𝐿�  is the maximum recoverable strain, and ξ is the martensite 

fraction. During heating of the SMA wires, if the temperature is above the 

austenite finish temperature, the recovery of the applied pre-strain through 

transformation into the austenite phase occurs over the range of stresses 

calculated as shown in Equation 2.5 and the martensite fraction as shown in 

Equation 2.6. 

  

 ( ) ( )A f A sC T A C T Aσ− < < −   (2.5) 

 ( )ξ a σξ  cos a T A 1
2 A

A
s

M A

C
   = − − +  
   

  (2.6) 

 

where a𝑆𝑆 = 𝜋𝜋
𝑆𝑆𝑓𝑓−𝑆𝑆𝑠𝑠

 (°C-1) is a curve-fitting parameter, ξM is the minimum 

martensite fraction the wire reached during the cooling, Af and As are the 
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austenite finish and start temperatures, and CA is a curve fitting parameter. The 

value of the different simulation parameters used in the model are the ones 

shown previously in Table 1 and Table 2, and those shown in Table 3 [151-153]. 

 

Table 3 Simulation parameters for SMA wire 

Parameter Value (Unit) 
Austenite start temperature (𝐴𝐴𝑠𝑠) 68°C 
Austenite finish temperature (𝐴𝐴𝑠𝑠) 78°C 
Curve fitting parameter (CA) 10.3 
Maximum recoverable strain (𝜀𝜀𝐿𝐿� ) 0.045 
Young’s modulus, Martensite phase (𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ) 28 GPa 
Young’s modulus, Austenite phase (𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ) 75 GPa 
Poisson ratio (𝜈𝜈𝑆𝑆𝑆𝑆𝑆𝑆) 0.33 
SMA wire diameter (dSMA) 152.4 μm 
Minimum martensite fraction (ξM) 1.0 

    
 

In this work, it is assumed that the temperature is rapidly increased such 

that the temperature can be assumed to be kept constant throughout the strain 

recovery, and thus, the thermal expansion factor can be omitted. The modeled 

behavior of the SMA wire at 100°C is compared in Figure 2.22 with 

experimentally obtained data at 100°C using an Instron 3343 universal testing 

machine with an environmental chamber to maintain the temperature. This 

temperature corresponds to the temperature reached by the SMA wires during 

heating. The behavior of the SMA wire during the strain recovery is modeled 

in ANSYS APDL by using a negative coefficient of thermal expansion where 

the temperature-dependent Young’s modulus corresponds to the change along 

the stress-strain curve in the Brinson model. 
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Figure 2.22 Experimental and modeling results for Flexinol at 100°C 

 

2.4.2 Results 
By implementing the previous model into the finite element model 

software, results are obtained for the pure-bending, pure-twisting and combined 

bending and twisting actuators with lengths of 60, 80, 100, 120 and 140 mm in 

length. These results are then plotted against the results obtained 

experimentally for the actuators with lengths of 80, 100 and 120 mm. This 

allows the verification of whether FEA gives a solution within the right order 

of magnitude and whether the trend observed with FEA corresponds to that 

observed through the experimental results.  
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Comparisons for the experimental and FEA bending results are shown in 

Figure 2.23. It can be seen that the experimental results and the results obtained 

through FEA agree closely with each other and that the predicted trend is very 

similar. The comparison for the experimental and FEA twisting results is shown 

in Figure 2.24. Although the values for the experimental results and the FEA 

model are in the same range, most notably the value for 100 mm being nearly 

the same, that the trend of the FEA simulation and of the experimental results 

do not correspond exactly, but both still predict increases in bending and 

twisting angles for longer actuators. Thus, the FEA results could still be used 

as a predictive tool since the results fall within the same order of magnitude. In 

the case of the combined bending and twisting actuator, values for both the 

bending and twisting angles shown in Figure 2.25 fall within the same order of 

magnitude as the FEA results, but that similarly to the results for the pure-

twisting actuator, the trend is slightly different from the FEA results. 
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Figure 2.23 Comparison of FEA and experimental results for the bending mode 

 

Figure 2.24 Comparison of FEA and experimental results for the twisting mode 
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Figure 2.25 Comparison of FEA and experimental results for the combined 

bending and twisting mode 

 

There can be numerous sources of error in the FEA simulation including 

the material properties used in the simulation not being exact, the SMA 

constitutive model not reflecting entirely the behavior of the SMA material, the 

geometry of the modeled actuator not corresponding entirely with that of the 

manufactured samples and the assumptions made in the model. However, the 

FEA results generally agree pretty well with the experimental results and can 

thus be used as a predictive tool for the deformation of this type of actuator. 

 

2.5 Chapter summary 
In this chapter, novel SSC actuator designs were introduced that allow this 
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type of actuator to produce pure-twisting deformations and to produce multiple 

modes of actuations in multiple directions for the pure-bending, pure-twisting, 

and combined bending and twisting modes of actuation. Designs capable of 

either were not previously developed for this type of actuator. 

The proposed pure-twisting SSC actuator design uses two SMA wires 

embedded at constant but opposite eccentricity within a PDMS matrix with 

both wires crossing the entire cross-section of the matrix in opposite directions. 

The design and manufacturing methods were introduced and experiments were 

conducted to determine the effect of the dimensions of the matrix on the 

performance of the actuator. All three dimensions were shown to have a 

significant effect on the performance of the actuator. The experiments 

conducted show that the three main dimensions of this actuator have different 

effects on the twisting angle and torque of the actuator. An optimal point exists 

for the width of the actuator for both the twisting angle and torque. The 

thickness of the actuator is a trade-off between the twisting angle and the torque 

with a thinner actuator favoring the former and a thicker actuator the latter. Both 

the twisting angle and torque of the actuator appear to be optimized for longer 

lengths, but further results would be needed to confirm if the behavior is 

asymptotic or if there exists an optimal point. These results show that the 

dimensions of the matrix have a large effect on the performance of the actuator 

and can be used as rough guidelines when designing this type of actuator in 

order to match its capabilities with the application’s requirements. In order to 

be able to control the actuator’s twisting angle, a PID controller was 

implemented by using the SMA wires’ resistance as the process variable and 

the current as the controller output. This experiment showed that the change in 

twisting angle is linear with the change in wire resistance. 

Next, an SMA-based SSC actuator capable of multiple modes of actuation 
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is proposed, which is an extension of the design of the pure-twisting actuator, 

was developed that enables the actuator to actuate along three different modes 

of actuation in a total of eight directions. This actuator is capable of large 

deformation in both bending directions, both clockwise and counterclockwise 

twisting directions and in the four combined bending and twisting directions of 

actuation. The longest actuator (120 mm) is capable of deformations up to 

approximately 160° in both the pure bending and pure twisting modes and of 

approximately 80° for both twisting and bending in the combined twisting and 

bending mode of actuation. An imbalance between both directions of the 

bending mode was observed, which could be due to inaccuracies in the 

manufacturing process of the mold. Finite element modeling was used to see if 

it was possible to predict the performance of this type of actuator and it was 

seen that there was good agreement between the FEA model and the 

experimental results. 
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Chapter 3. Manufacturing 
 

3.1 Overview 
In the previous chapter, a design for an actuator capable of pure-twisting 

was proposed and then extended to be able to produce multiple modes of 

actuation. These actuators were manufactured using a simple rectangular mold 

with holes in the mold in which the SMA wires are inserted before applying 

pre-strain to the wires and pouring polymer into the mold. After curing of the 

polymeric matrix, the mold was then mechanically removed by cutting away 

the mold. Rectangular actuators present a few advantages in terms of 

mechanical properties due to the symmetrical matrix properties and the ease of 

positioning the SMA wires at equal eccentricity within the matrix. Furthermore, 

the low bending stiffness allows the actuator to produce large bending 

deformations, but this can also be a disadvantage when trying to obtain different 

combinations of material and actuation properties. 

However, due to limitations in this manufacturing process, it is complicated 

to manufacture actuators with more complex geometries. The first limitation is 

that the SMA wire must be inserted through one hole in the mold then exit 

through another, thus the user needs to be able to guide the SMA wire within 

the mold using a tool. Second, current processes can fail to produce multi-

material parts where different polymers need to be cured at different 

temperatures. Third, it is hard to make actuators with certain types of internal 

features such as a hollow cross-section for a long actuator since the internal 

portion of the mold is either hard or impossible to remove manually. Fourth, 

SMA wires are all positioned as straight elements within the matrix and cannot 

be curved within the matrix. 
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In this chapter, new methods for manufacturing SSC actuators are 

developed that allow the fabrication of SSC actuators with new shapes that are 

complicated or not possible to make using simple mold-based manufacturing 

methods. Each of these methods is then applied to the developed SSC pure-

twisting actuator. First, the use of snap-fit molds are introduced and used to 

manufacture SSC actuators with cross-shaped cross-sections, I-shaped cross-

sections and actuators with multi-material cross-sections. These allow the 

further amelioration of the twisting angle. Second, a novel manufacturing 

method for the fabrication of thermocurable polymer parts with internal and 

external 3D features is introduced and then applied to the fabrication of SSC 

actuators. Finally, a manufacturing method called double SSC casting is 

introduced and applied to the fabrication of a tube-like SSC pure-twisting 

actuator along with a simple control method for this type of actuator. The first 

method focuses on increasing the twisting angle while the two latter methods 

are useful for obtaining different combinations of material and actuation 

properties for application where stiffness might also be required. 

  

3.2 Interference fit molds 
The first limitation of current mold-based process is the use of molds in 

which the user inserts SMA wires through a hole on one end of the mold and 

guides them to the exit hole on the other side of the mold. This necessitates that 

the user is able to guide the wire within the mold. For certain mold shapes, this 

may be hard to accomplish and impose limitation on the possible shapes of the 

mold. An example of this is the fabrication of a pure-twisting SSC actuator with 

an I-shaped cross-section. Since the holes are in the corner of the mold, it is not 

possible to guide the SMA wires within the bottom portion of the mold using 



 

 

 

 

 

 

 

49 

straight tweezers, as shown in Figure 3.1. The second limitation of simple 

molds is that it may be hard to manufacture actuators with multi-material cross-

sections where different polymers need to be cured at different temperatures, 

and thus the curing order possible during fabrication needs to match the curing 

order dictated by the curing temperatures of the different polymers. 

 

 

Figure 3.1 Restricted access to guide the SMA wire 

 

In order to get around these limitations, but still by using the same overall 

manufacturing process where a mold is used to cast the actuator and then 

removed manually, the use of an interference fit mold is proposed. These 

interference fit molds allow the mold to be divided into portions that can be 

assembled together piece by piece. This allows for positioning of the SMA 

wires in each mold section before inserting it into place with the next section 

of the mold that would hinder their positioning within the mold. By using this 
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method, new shapes of actuators can be manufactured by avoiding the 

limitations posed by a single-part mold. The different sections of the actuator 

can also be cured in stages where the polymer with the highest curing 

temperature is cured first, then assembled with the sections that should be cured 

next. 

 

3.2.1 Interference fit molds for the actuator shape 
Two different pure-twisting SSC actuators are proposed as examples of 

shapes where it would be harder to position the SMA wires within the matrix, 

although the method is not limited to only these shapes. The first shape is an 

actuator with a cross-shaped cross-section and the second is an actuator with an 

I-shaped cross-section. The placement of the SMA wires for each actuator is 

shown in Figure 3.2. 

The design of the two-part interference fit molds with the SMA wires 

positioned within each mold section is shown in Figure 3.3 with the design of 

the mold for the cross-shaped actuator being shown on the left and for the I-

shaped actuator being shown on the right. Each uses two snap-fit parts with 

both wires being in the bottom mold section for the I-shaped mold and one in 

each mold section for the cross-shaped mold. 
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Figure 3.2 Configuration of the (a) cross-shaped actuator and of the (b) I-shaped 

actuator 

 

 

Figure 3.3 Assembly of the snap-fit molds for I-shaped and cross-shaped molds 
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The cross-shaped actuator, the I-shaped actuator and a simple rectangular-

shaped actuator with different flange thicknesses are compared on the basis of 

their maximum twisting angle. All actuators have basic dimensions of 100 mm 

in length, 10 mm in width and an upper bound of 4mm in flange thickness or 6 

mm in thickness for the rectangular actuator. The results for the three actuator 

designs are shown in Figure 3.4. 

 

Figure 3.4 Comparison of rectangular, cross-shaped and I-shaped actuators 

 

It can be seen from the results that the use of flanged actuators such as I-

shaped actuators and cross-shaped actuators can increase the stability of SSC 

actuators and allow the actuator to reach higher twisting angles than is possible 

using rectangular-shaped actuators by having a thinner flange. When the 
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rectangular-shaped actuator becomes too thin, any imbalance in the bending 

force between the SMA wires will cause the actuator to bend as shown in Figure 

3.5. 

 

 

Figure 3.5 Actuator failing due to bending 

 

Although in this case the use of interference fit molds simply helps with 

positioning of the SMA wires, the circumvention of this limitations allows the 

fabrication of actuators with more complex external geometries that are hard to 

manufacture with single-piece molds or even molds that are entirely closed such 

that the upper surface is not flat like in an open mold. 
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3.2.2 Interference fit molds for multimaterial matrices 
Next, actuators with a composite cross-section composed of three layers 

are manufactured, where the bottom and top layers are made of PDMS 

containing an SMA wire each, and the middle layer is made from Ecoflex. 

Ecoflex is softer than PDMS and the increase in ratio of Ecoflex to PDMS 

should increase the twisting angle of the actuator. The design of the actuator is 

shown in Figure 3.6. 

 

 

Figure 3.6 Actuator with composite cross-section 

 

It would be possible to fabricate an actuator with three layers by first curing 

the bottom layer of the actuator, then the middle layer on top of the bottom one, 

and finally the top layer on top of the middle one. However, the temperature 

used for curing the PDMS on the bottom and top layers is higher than that used 

for curing Ecoflex in the middle layer. In the proposed process, the bottom and 

top layers with an embedded SMA wire each are cured first and assembled with 
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the middle layer into which Ecoflex is injected and cured at the appropriate 

temperature. This process is shown in Figure 3.7. 

 

 

Figure 3.7 Mold assembly of the actuator with composite cross-section 

 

Actuators with cross-sectional dimensions of 10 mm by 10 mm and with 

different thicknesses of the Ecoflex layers are fabricated. The PDMS and SMA 

wires are the ones used previously and the properties of Ecoflex (Ecoflex® 00-
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30, Smooth-On) are shown in Table 3. Results for composite actuators with 

different thicknesses of the Ecoflex layers are shown in Figure 3.8. 

Table 4 Material properties of Ecoflex (Ecoflex® 00-30, Smooth-On) 

Parameter Value (Unit) 
Cure time at room temperature 4 h 
100% modulus 69 kPa 
Tensile strength 1.4 MPa 
Elongation at break 900% 

    
 

 

Figure 3.8 Performance of actuator with composite cross-section for different 

ratio of Ecoflex to PDMS 
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The proposed method is useful for fabricating actuators with more complex 

external shapes and for curing separately different sections of the actuators such 

that actuators with different properties can be manufactured. 

Interference fit molds can be used to fabricate more complex geometries 

and to manufacture multi-material actuators. Compared to an actuator with a 10 

mm by 10 mm cross-sections, I-shaped actuators, cross-shaped actuators and 

sandwich-structured composite actuators all were able to double or even triple 

the performance of the actuator. This kind of mold design opens the door to a 

wider range of parameters to further improve the performance of the actuator 

and its mechanical properties. 

 

3.3 3D Soft Lithography 
In the previous section, the use of interference fit molds was introduced to 

get around the limitations imposed by the need to position the SMA wires 

within the matrix and by the one-step curing process of the simple mold. 

However, this method does not help in manufacturing parts with internal 

features for which the mold cannot be removed manually. In this section, a 

process for the fabrication of thermocurable polymer parts with internal and 

external 3D features called 3D Soft Lithography (3DSL) is introduced. 3DSL 

combines additive manufacturing (AM) processes and solvents to produce a 3D 

master mold which is then dissolved. This process enables the fabrication of 

parts with a complex geometry similar to that of parts build through other AM 

processes such as FDM or SLS, but using thermocurable polymers which are 

not usable by these manufacturing processes. The use of a mold allows thermal 

curing at a user-defined temperature, which gives more control over the final 

polymer properties than processes where the polymer needs to be continuously 
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cured. First, the general method is introduced along with its advantages, 

limitations, and a few fabricated parts are shown. Then, the process is applied 

to a pure-twisting SSC actuator. 

 

3.3.1 Method 
The proposed process aims at building 3D polymer parts that are cured 

thermally through the use of a soluble mold fabricated through AM. AM 

processes such as FDM use a sacrificial support to enable the positioning of the 

material above it in the 3D space, however the proposed process uses two 

soluble materials where one is used as a 3D soluble mold for the polymer and 

the other is used as a separately soluble support material for the other soluble 

material. The different components of the process besides the thermocurable 

polymer and their requirements are as follows:  

 

• Mat. 1: Support for Mat. 2 

• Mat. 2: 3D mold for the polymer 

• Solvent 1: Mat. 1 soluble, Mat. 2 not soluble 

• Solvent 2: Mat. 2 soluble, does not affect the polymer 

 

The proposed process consists of four steps:  

 

• Mat. 1 and Mat. 2 are built using an AM process. 

• Mat. 1 is dissolved by dipping the part into Solvent 1.  

• The polymer is poured into the mold and cured at a given temperature for 

the required amount of time.  

• Mat. 2 is dissolved by dipping the part into Solvent 2.  
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The complete process is shown in Figure 3.9 where the external portion of 

the mold is shown as being made from Mat. 2. Fabricating the external portion 

of the mold from Mat. 2 facilitates the demolding process, but could also be 

made from another material that is removed either manually or by dissolution. 

The process does not prescribe the use of any specific AM process, but the 

interface between Mat. 2 and the area in which the polymer is poured should be 

waterproof to prevent leaking of the polymer in volumes of the part that should 

be hollow, which could prevent proper dissolution of Mat. 2, or leaking to the 

outside of the volume. 

3DSL has a few geometric limitations. First, hollow pocket completely 

enclosed in the polymer cannot be manufactured since the material that forms 

the boundary of the pocket would not be supported. Second, very small 

channels could prevent proper flow of the solvent in the polymer to dissolve 

Mat. 2. Thus the process as implemented by the author in the next section is not 

appropriate for the fabrication of microchannels. In addition, the geometric 

accuracy of the AM process directly determines the geometric accuracy of the 

polymer part as well as the presence of gaps between the AM layers or rasters. 

These gaps can cause the polymer to seep from the volume containing it through 

the gaps, leading to polymer exiting the volume, preventing proper dissolution 

of Mat. 2 due to coating of the surfaces or preventing Solvent 2 from flowing 

inside the part. Thus, if a low-resolution process is used, the part will have a 

similarly low resolution or fail to be manufactured properly.  
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Figure 3.9 Manufacturing process of 3D Soft Lithography: (a) Use AM to build 

the mold and its support, (b) dissolve Mat. 1 using Solvent 1, (c) pour the 

Polymer into the mold and cure the assembly, (d) dissolve Mat. 2 using Solvent 

2, and (e) final part. 

 

The choice of polymers is limited by the availability of materials and 

solvents which meet the requirements listed previously. The combination of 

materials and solvents used influences the duration of the dissolution processes, 

which is a significant portion of the duration of the overall fabrication process. 

The speed of dissolution can be improved by modifying the parameters of the 

dissolution process itself or by using a better combination of solvents and 

materials.  
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3DSL has a few advantages over competing process, including being able 

to fabricate thermocurable polymer parts with 3D external and internal features, 

most similarly to regular AM processes rather than molding processes. The 

polymer can be cured at any temperature in order to obtain specific material 

properties as long as the curing temperature does not affect Mat. 2. Furthermore, 

the one-step curing process can be used to facilitate the integration of solid 

components into the part.  

 

3.3.2 Implementation  
The process described above was implemented using a commercial FDM 

machine to build the mold in which PDMS is poured and cured, which is one 

of the most widely used thermocurable polymer. The FDM machine used is the 

Dimension SST 768 FDM machine by Stratasys with its support material 

(P400-SR Waterworks Soluble Support) used as Mat. 1 and its model material 

(ABS-P400 Model) used as Mat. 2. The material properties of P400 ABS 

provided by the manufacturer are shown in Table 5 and P400-SR is composed 

mainly of poly(2-ethyl-2-oxazoline), although its exact composition is not 

provided by the manufacturer. The support removal chemical P400-SC from 

Stratasys, whose composition is shown in Table 6, was dissolved in water and 

used as Solvent 1 to remove Material 1. The complex nature of the solvent is 

required due to the complex chemical structure of P400-SR such that it can be 

dissolved and removed completely. Acetone (99.5% pure from Daejung) was 

used as Solvent 2 to dissolve Material 2 since it is a polar solvent that is good 

for dissolving organic materials such as ABS. Sylgard-184 from Dow Corning 

mixed with a base-to-catalyst ratio of 10:1 was used as the Polymer. The curing 

properties of the PDMS were shown previously in Table 2. The summary of all 

materials used are shown in Table 7. 
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Table 5 Material properties of ABS (ABS-P400 from Stratasys.) 

Parameter Value 
Young’s modulus 1.627 GPa 
Flexural modulus 1.834 GPa 
Heat deflection temperature at 0.455 MPa 90°C 
Heat deflection temperature at 1.820 MPa 76°C 
Glass transition temperature  104°C 
  

 

Table 6 Composition of Solvent 1 (P400-SC from Stratasys.) 

Parameter Value 
Sodium carbonate (Na2CO3) 50-100 % 
Sodium hydroxide (NaOF) 10-25 % 
Sodium dodecyl sulphate (NaC12H25SO4) < 2.5% 
Sodium silicate, pentahydrate (Na2SiO3·5H2O) < 2.5% 
  
 

Table 7 Materials used for the implementation of 3DSL 

Material Material used 
Material 1 P400-SR 
Material 2 P400 ABS 
Polymer Sylgard-184 PDMS 
Solvent 1 P400-SC 
Solvent 2 Acetone 
  
 

The first part fabricated in order to validate the methodology is a cube with 

a helix-shaped channel. The cube’s height measures 30.0 mm, the helix has a 

diameter of 20 mm, a pitch of 10.0 mm, and the channel has a diameter of 

5.75mm. The mold was built with external wall dimensions of 2.0 mm to 

contain the polymer. The helix is hollow with an inner diameter of 2.0 mm to 
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allow for faster dissolution of the material. The geometry of the part is shown 

in Figure 3.10. 

Using these materials, the process is implemented by printing a part made 

from Mat. 1 and Mat. 2 in which Mat. 2 form the inner and outer boundaries of 

the part and Mat. 1 is used to support Mat. 2. The part is then dipped in Solvent 

1 at 50°C for several hours in order to dissolve Mat. 1. Since the fabrication 

resolution of the FDM machine used to build the mold is relatively crude, there 

exist gaps between the rasters through which the polymer could leak. Thus, the 

surface of the mold was smoothed by exposing it to acetone vapors for 20 

seconds using the setup shown in Figure 3.11.  

 

 

Figure 3.10 Geometry and dimensions of a cube with a helix-shaped channel. 
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Figure 3.11 Setup used for smoothing of the part through exposition to acetone 

vapors. 

 

The Polymer was then poured into the mold and cured at 45°C for 24 hours. 

Then, Mat. 2 was dissolved by dipping the part in a bath of Solvent 2 at 40°C 

for 5 hours using a magnetic stirrer. Finally, the part was rinsed once more in 

Solvent 2 to remove all leftover materials. The state of the part at the different 

steps of the process is shown in Figure 3.12. 
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Figure 3.12 (a) Mold made from Mat. 1 and Mat. 2, (b) mold after removing 

Mat. 1, (c) part after adding and curing the Polymer, and (d) final part after 

removing Mat. 2. 

  

In order to further test the capabilities of the process before applying to it 

to the fabrication of an SSC actuator, other parts were fabricated using the same 

procedure as the previous part. First, a cube made from a single continuous line 

of PDMS based on the geometry of the Hilbert cube is shown in Figure 3.13 to 

demonstrate the capability of the process to build parts with complex external 

geometries. Second, a cube with connecting channels in the horizontal and 
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vertical axis was fabricated and is shown in Figure 3.14 to demonstrate the 

capability of the process to manufacture parts with interconnected internal 

features along multiple axes. 

 

 

Figure 3.13 Cube made from a single continuous line of PDMS. 

 

 

Figure 3.14 Cube with connecting channels in the (a) horizontal and (b) vertical 

axis. 
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The produced parts have a visible surface texture as shown in Figure 3.15. 

This is due to the fact that the polymer will occupy the entire volume of the 

mold. Since the Stratasys 768 FDM machine used to fabricate the molds has a 

layer height of 0.254 mm, the produced parts have a similar resolution. This 

resolution is small enough to allow the part to be easily made waterproof 

through exposition to acetone vapors, but is large enough that there is a visible 

stair-step effect on the surface of the part.  

 

 

Figure 3.15 Visible stair-step effect on the surface of the part. 

 

3.3.3 Fabrication of SSC twisting actuators by 3DSL 
This method can also be useful in the fabrication of soft actuators where 

internal features require a mold that cannot be entirely removed manually, for 

example an SSC pure-twisting actuator with a hollow square-shaped cross-

section as shown in Figure 3.16. The portion of the mold that forms the hollow 

section of the actuator cannot be removed manually due to the friction force 

between the mold and the polymeric matrix, but 3DSL could be used to 

manufacture this type of actuator. However, the process needs to be modified 

in order to be applicable to the fabrication of SSC actuators since PDMS swells 
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when put in acetone, which changes the diameter of the channels in which the 

SMA wires are located, and the SMA wires become entirely loose within the 

matrix and lose their pre-applied strain. However, after being taken out of the 

acetone bath, the PDMS deswells and the SMA wire are once again bonded to 

the matrix, but without the pre-strain applied during the manufacturing process. 

There is thus a need to modify the manufacturing process to either apply the 

pre-strain or to maintain the pre-strain while the actuator is dipped in the 

acetone bath. 

 

 

Figure 3.16 Configuration of square-shaped actuator with square-shaped 

hollow cross-section 

 

In this modified process, the mold of the actuator is first fabricated by FDM, 

the support structure of the mold is dissolved using the appropriate solvent, and 

then the SMA wires are pre-strained, positioned within the mold and fixed to 

an external jig using bolts. PDMS is then poured into the mold and cured, the 

jig with the actuator is dipped in acetone, pre-strain is re-applied to the SMA 
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wires after dissolution of the mold, and the actuator is maintained at room 

temperature in air to allow it to deswell. Finally, the actuator is taken off the jig. 

The modified process is shown in Figure 3.17. 

 

Figure 3.17 Modified process of 3DSL: a) AM of Mat. 1 and Mat.2, (b) 

dissolution of Mat.1 using Solvent 1, (c) inserting and fixing the SMA wires, 

(d) pouring and curing of the polymer, (e) dissolution of Mat.2 using Solvent 1 

and (f) final part. 
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The actuator built to validate the proposed method has a square-shaped 

cross-section with a square-shaped hollow section as shown in previously. The 

actuator has cross-sectional dimensions of 10 mm by 10 mm and the hollow 

section dimensions are 6 mm by 6 mm. The length of the actuator is 100 mm 

and the SMA wires have a diameter of 0.008 in (203.2 μm) The cross-section 

of the fabricated actuator is shown in Figure 3.18. 

 

 

Figure 3.18 Prototype of the square-shaped actuator with square-shaped hollow 

cross-section. 

 

The maximum twisting angle of the actuator was measured to be 30.3°. 

The main advantage of this actuator is that it has a higher bending stiffness than 
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the cross-shaped actuator based on simple cross-sectional properties and that 

the bending stiffness is symmetric, unlike the I-shaped actuator. Furthermore, 

the twisting angle is higher than that of the square-shaped actuator without a 

hollow cross-section. 

3D Soft Lithography is capable of fabricating thermocurable polymer parts 

with complex internal and external features. This has thus far been hard to 

accomplish for this type of material. It is thus applicable for fabricating a wide 

range of parts and could be useful for fabricating other types of soft actuators, 

integrating soft sensors or for fabricating general polymer parts. It was also 

shown to be applicable to the fabrication of SSC actuators with internal features 

to enable new combination of material and actuation properties.  

 

3.4 Double SSC casting 
The actuator built in the previous section has a higher bending stiffness 

than previously built actuators while still being capable of a large twisting 

deformation. However, in cases where a SSC pure-twisting actuator needs to 

be able to sustain a large load, this actuator’s stiffness could be insufficient and 

scaling up of the dimensions would lead to an actuator where the SMA wires 

would be incapable of inducing sufficient deformation to the matrix. For this 

purpose, a new manufacturing method is needed to develop a pure-twisting SSC 

actuator capable of sustaining larger tip loads while still outputting a large 

twisting deformation. 

In this chapter, the use of a new SSC manufacturing method called “double 

SSC casting” is proposed that allows the manufacturing of SSC actuators as a 

two-step process in which it is possible to have non-linear SMA orientations. 

This opens up the design space for this type of actuator such that new designs 
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are possible where it is easier to position multiple SMA wires in an optimal 

manner. This method is used to build a hollow tube-shaped actuator where 

multiple SMA wires can be embedded in a helix shape along the length of the 

tube. The shape of the actuator gives it a large bending stiffness and, by 

embedding multiple SMA wires, is still capable of outputting a large twisting 

angle. Although the fabrication of a hollow tube without embedded SMA wires 

can be easily done using a mold, no manufacturing method has thus far been 

proposed for embedding SMA wires that follow a specific curvature within a 

matrix. 

 

3.4.1 Design 
The pure-twisting SSC actuator introduced in chapter 2.2 relies on two 

SMA wires to induce the matrix into a twisting deformation while negating the 

bending motion that would be generated by using a single SMA wires. The 

actuator introduced in this section consists of a hollow tube with multiple SMA 

wires embedded in the matrix of the tube at constant eccentricity with a specific 

angle with respect to the length of the tube, where the SMA wires are arranged 

at equidistance along the circumference of the tube. The actuator which will be 

built in this section consists of a hollow tube with a length of 100 mm, an inner 

radius of 30 mm and a thickness of 3 mm. This hollow tube has 12 embedded 

SMA wires with wire diameters of 203.2 μm at an angle of 35°. The design of 

the actuator is shown in Figure 3.19. 
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Figure 3.19 Concept for a hollow-tube shaped actuator with curved SMA wires 

 

3.4.2 Manufacturing 
This method consists of fabricating a first SSC actuator containing all the 

SMA wires and then positioning it into a second mold in which the polymer is 

once again cast. By using this method, the external shape of the polymer will 

depend on the shape of the second mold but the location and direction of the 

SMA wires will depend on how the first SSC actuator is designed with regards 

to its positioning within the second mold. 

In order to fabricate the previously designed structure, the actuator is first 

cast as a flat parallelogram with an angle θ between the base of parallelogram 

and the other side, where the SMA wires are parallel to one side and thus have 

the same angle θ with respect to the base of the parallelogram. This angle 

corresponds to the intended angle of the SMA wires within the final structure. 

The SSC is then wrapped around the inner shell of the second mold, then an 

outer shell is inserted around the SSC to form a mold with a cavity shaped as a 
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hollow tube in which PDMS is then poured and cured. The mold is removed 

and the hollow tube-shaped SSC actuator is obtained. The different steps of the 

method are shown in Figure 3.20. 

 

 

Figure 3.20 Manufacturing process of double SSC casting: (a) manufacture a 

flat SSC shaped as a parallelogram, (b) wrap it around the inner shell of the 

second mold, (c) insert the outer shell, and (d) inject polymer, cure it and 

remove the mold. 
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This actuator contains a larger number of design parameters than the 

previously designed actuators and different parameters can be modified at 

different steps of the process, which facilitates the customization of these 

different parameters. The number, angle and the position of the SMA wires 

depends on the design of the mold of the flat SSC actuator and how this SSC is 

designed to fit within the second mold, while the dimensions of the matrix 

depend entirely on the design of the design of the second mold. 

 

3.4.3 Performance 
The performance of the actuator built in this section was first tested by 

measuring the maximum twisting angle of the actuator. To do so, a current of 

1.0 A was applied to all SMA wires and the twisting angle of the structure was 

measured. The maximum twisting angle of the structure was measured to be 

nearly 22° and the shape of the actuator prior to and during actuation is shown 

in Figure 3.21. 

 

 

Figure 3.21 (Left) before actuation of hollow-tube shaped actuator and (b) after 

actuation 
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The force generated by the sum of the SMA wires depends on the number 

of actuated SMA wires and thus the twisting angle of type of actuator can be 

easily adjusted by adjusting the number of activated SMA wires. This is in 

contrast to the previously presented actuators where a PI or PID method should 

be used to adjust the twisting angle of the actuator. This simple control method 

was applied to the previously built actuator and the results are shown in Figure 

3.22. The obtained results show that the twisting angle of the actuator is nearly 

linear with the number of activated SMA wires. Although this actuator could 

also be controlled using using PID control as previously introduced, the method 

introduced in this section is simpler to implement in comparison with PID 

control methods. 

 

 

Figure 3.22 Twisting angle versus number of activated SMA wires for the 

hollow-tube shaped actuator 
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Double SSC Casting was used to fabricate a hollow tube-shaped SSC 

actuator containing multiple SMA wires. The shape of the actuator gives the 

structure a large bending stiffness while the number of SMA wires enables the 

actuator to still obtain a good twisting performance. This combination of 

structural and actuation properties has not yet been realized in smart material-

based soft actuators. 

 

3.5 Summary 
In this chapter, four main limitations of the mold-based fabrication of SSC 

actuators were identified, and three different solutions were proposed and 

implemented for the fabrication of SSC actuators that each allows the 

circumvention of one or more of these limitations. Circumventing these 

limitations allow for obtaining either better actuation properties or obtaining 

better mechanical properties while keeping a good twisting performance of the 

actuator. Since each of these manufacturing methods and the resulting actuators 

have different properties, it is important to choose a manufacturing method 

appropriate to the intended application. 

First, the use of interference fit molds is introduced to facilitate the 

fabrication of actuators with more complex external geometries that could 

prevent the positioning of SMA wires in the mold and also to enable the 

different parts of the mold to be cured separately and then assembled, which is 

useful for matrices containing multiple materials. Using this method, actuators 

with cross-shaped, I-shaped and multimaterial cross-sections were 

manufactured. Each of these designs is capable of improving the performance 

of the actuator, and this method can also be applicable of other type of SSC 

actuators since it facilities the positioning of SMA wires. 
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Second, a novel manufacturing method for thermocurable polymers called 

3D Soft Lithography that facilitates the fabrication of parts with complex 

internal and external features is introduced and then applied to an SSC actuator 

with a hollow cross-section. This process makes use of a 3D mold fabricated 

through AM along with solvents to dissolve the mold and the mold’s supporting 

material. The proposed process does not specify the use of a particular 

fabrication method for the mold, but rather of a specific set of interactions 

between the materials used during the fabrication. Thus, any AM process 

capable of fabricating parts from materials which meet the given requirements 

can be used. The method was then applied to the fabrication of a pure-twisting 

SSC actuator to show how it can be applied to the fabrication of this type of 

soft actuator.  

Third, the fabrication of an SSC actuator using a method called double SSC 

casting is introduced that allows the fabrication of SSC actuators with non-

linearly positioned SMA wires and also facilitates the integration of multiple 

SMA wires into a single actuator. This method was used to manufacture a 

hollow-tube shaped actuator where the SMA wires follow the curvature of the 

beam at a constant angle relatively to the length of the tube. It was then shown 

that the twisting angle of this actuator can be controlled by adjusting the number 

of actuated SMA wires. This actuator has good mechanical properties while still 

having a good twisting performance. 
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Chapter 4. Applications 
 

4.1 Overview 
In this section, two applications are presented that make use of the 

previously developed actuator designs and manufacturing methods where each 

application has very different requirements requiring very different solutions. 

The first application is a soft artificial wrist for use in a humanoid robot. 

Wrists need to support the weight of the hand and of any object the wrist may 

be holding, and they also need to be able to produce a twisting motion of one 

end relative to the other. Due to this dual requirement, double casting of an SSC 

actuator was used since it is capable of producing SSC actuators with good 

bending stiffness that are also capable of producing large twisting deformations. 

The second application is a soft robotic tongue that is capable of three 

different motions related to feeding and speech. The two motions related to 

speech are related to bending different portions of the tongue, as when 

producing the sound of different consonants, and the motion related to feeding 

is the twisting of the tongue, as when placing food onto the teeth for mastication. 

Since the robotic tongue needs to produce large deformations along multiple 

modes of actuation, the actuator design capable of multiple modes of 

application is used to develop this soft robotic tongue. 

 

4.2 Wrist-like actuator 

The compliant nature of soft actuators has made them an ideal choice for 

robotic applications that have a certain degree of uncertainty since their 

compliance makes them capable of adjusting their function to their environment. 
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Thus, in certain circumstances, the use of soft robots may be preferable to hard 

robots that are generally faster, stronger and more accurate, but heavier and 

lacking the compliance of soft robots. 

Soft robotics has also been of interest for appendages such as hands where 

the compliance of soft actuator can be useful in grasping a wide variety of 

objects without knowledge of their shape. Tendon-based systems have 

successfully been applied to make fingers, but their requirements of external 

sources of actuation increases the size and complexity of the system. Pneumatic 

soft actuators have been used to create micro-grippers and human-sized hands 

with good capabilities, but no specifications are given for the air compressor 

required to properly actuate them. 

Generally, the main function of soft appendages such as the hand has been 

focused on the compliance of the motion due to the characteristics of the 

actuators being used, which are themselves limited by the manufacturing-

induced design limitations. Due to these limitations, soft actuators have never 

been used as load-carrying appendages such as the forearm. A self-actuating 

soft robotic forearm could be useful in situations where the robot could hit its 

environment either with the forearm, the hand or the object being carried by the 

hand, but must avoid damaging its environment. For example, a robot working 

in a household or working in cooperation with humans must avoid causing 

injuries that could occur with hard robots. In this section, an SMA-based soft 

robotic forearm is introduced that is capable of sustaining a load and of 

producing a twisting deformation. 

 

4.2.1 Design 
The soft robotic wrist developed in this work focuses on replicating the 

twisting deformation of the human forearm using an SMA-based hollow SSC 
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tube actuator fabricated by the double SSC casting method introduced in the 

previous chapter. This type of actuator has a larger load-carrying capability than 

other types of soft actuators, only requires a power source for actuation and has 

a simple control method. 

The fabricated wrist has a length of 18 cm, an inner diameter of 30 mm, a 

thickness of 3 mm and has 12 embedded SMA wires with a diameter of 200 µm 

at an angle of 40°. The fabricated forearm is shown in the horizontal position 

in Figure 4.11. 

 

 

Figure 4.1 (a) Isometric and (b) side-view of the wrist actuator in the horizontal 

position. 

 
4.2.2 Testing 

First, the force required for deflection of the tube-shaped actuator is 

measured in the cantilever position using a universal testing machine (5948 

MicroTester, Instron) by inserting ABS attachments on each end, fixing one end 

and placing the other end below the bending flexure of the testing machine. The 

ABS inserts are based on how the artificial wrist would be implemented with 
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other components. The testing setup is shown in Figure 4.2 and the results for 

three tries are shown in Figure 4.3. Results show that for displacements up to 

30 mm the actuator has a flexural rigidity (EI) of 89.5 kN/mm2 with good 

repeatability. 

 

 
Figure 4.2 Setup for testing the force required for deflection of the actuator in 

the (a) isometric view and (b) side view 
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Figure 4.3 Force versus deflection of the wrist actuator 

 

The actuator was first tested by attaching a non-functional polymeric hand 

on one end and fixing the other hand, then the wrist actuator was fully actuated, 

and the maximum twisting angle and the deflection of the actuator were 

measured. Then, a stick of glue weighing 90 g was fixed in the hand and the 

wrist was actuated fully to see the effect of holding a weight on the twisting 

angle. Finally, a knife weighting 105 g where most of the weight is located 

towards the blade was fixed in the hand and the wrist was actuated fully to see 

the effect of a cantilever object on the performance of the wrist actuator. Results 

are shown in Figure 4.4 for the twisting angle of the actuator and in Figure 4.5 

for the deflection of the wrist actuator. 
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Figure 4.4 Wrist actuation for different objects: (a) empty-handed before 

actuation, (b) during actuation, (c) holding a stick of glue before actuation, (d) 

during actuation, (e) holding a knife before actuation and (f) during actuation. 
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Figure 4.5 Deflection of the actuator with (a) only the hand, (b) holding the 

stick of glue and (c) holding the knife. 

 

The developed wrist was capable of a twisting angle of 33.8° without any 

tip load except the hand with deflection of 2.1 mm, and of 26.2° and 28.8° with 
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deflections of 12.5 mm and 14.5 mm holding a stick of glue and a knife, 

respectively.  

Next, the repeatability of the actuator is tested by doing 30 actuation cycles 

consisting of 5 seconds of heating all SMA wires using a current of 1.0 A and 

then cooling the SMA wires by applying no current for 45 seconds. The 

maximum deformation during the heating phase and the minimum deformation 

during the cooling phase are measured and plotted in Figure 4.6. Results show 

that 45 seconds is insufficient to fully cool the actuator and that the minimum 

angle increases as the matrix warms up until it reaches a steady point where the 

heat transmitted to the matrix during heating and the heat lost during cooling 

are equal. Results also show that the maximum twisting angle of the actuator 

remains constant throughout all 30 actuation cycles. 

 

 

Figure 4.6 Repeatability testing of the wrist actuator with 5 s heating and 45 s 

cooling time 
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These results show that this type of design is capable of producing a large 

continuous twisting deformation, is soft yet able to sustain a tip load while only 

requiring a source of current, which is a combination of characteristics that have 

not yet been realized in soft actuators. The actuator also has a good repeatability, 

though the cooling time limits the twisting angle recovery speed. This shows 

that SSC actuators still have unrealized potential and that they are not limited 

to applications where compliance and large deformations are the only goals. 

 

4.3 Artificial tongue 
The human mouth, including the tongue, is a multi-purpose tool that is an 

integral part of some of human’s most vital functions and contains muscle with 

vertical, transverse and longitudinal orientations [154]. Although it can be hard 

to imagine life without a tongue, patients who have gone under a glossectomy 

have had their tongue removed in order to treat severe disease such as tongue 

cancers and this operations can leave the patient’s speech nearly intelligible 

[155]. Although passive prostheses can be used to partially solve this kind of 

speech problem in case of partial glossectomies [156], total ablation of the 

tongue makes the use of prostheses impractical since there is no muscle to 

displace the prosthesis at the required position within the mouth. 

The two most important functions of the tongue are perhaps 

communicating and feeding. In order to fulfill both of these functions and all 

associated movements adequately, the human tongue needs to be able to deform 

itself in multiple ways [157]. Since the tongue is both soft, strong and capable 

of multiple modes of motion, replicating its capabilities is a big challenge. 

Some robots have been developed to mimic the mastication mechanism [158, 

159], swallowing mechanism [160, 161], to mimic the human voice [162, 163] 



 

 

 

 

 

 

 

88 

and the different motions of the tongue [164, 165]. However, robots using 

tongues have so far used bulky external mechanisms to produce the different 

deformations of the tongue and the reproduction of the multiple motions of the 

tongue in a compact standalone system has never been realized. 

When trying to produce sounds for communication, the larynx produces an 

air pressure which is used to vibrate the vocal chords in the throat, and the 

tongue, jaw and lips are used to modulate these basic sounds in combinations 

of vowels and consonants. The jaw and the lips are mainly responsible for the 

production of different vowel sounds, and the distance between the jaws and 

the shape of the lips will determine which vowel will be produced. Thus, all 

vowels can be produced without moving the tongue. However, humans require 

the tongue to produce the different consonants which are then paired with 

vowels to produce the sounds that we commonly use in speech. It is not possible 

to pronounce most consonants without moving the tongue. The tongue is used 

to block the release of air in different sections of the mouth and timing with the 

larynx creates the different consonants. All elements of the mouth work 

together to produce the range of sounds that are commonly used, and the tongue 

is an essential part of this process. Consonants that are an example of this are 

the “k” or the “g” where the back of the tongue is raised, and the “l” or the “n” 

where the tip of the tongue is raised to touch the upper palate, as shown in 

Figure 4.13. 
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Figure 4.7 Position of the tongue for different consonants 

 

In addition to being necessary for speech, the tongue is used during feeding 

to adjust the position of food within the mouth. In particular, the tongue 

undergoes a twisting motion to position the food between one of the two rows 

of teeth for chewing. The twisting of the tongue used to position the food in the 

mouth and the two motions related to speech that were described previously are 

shown in Figure 4.8. 

In this application, we will focus on fabricating a soft robotic tongue that 

can replicate the three motions of the tongue shown in Figure 4.8 using the SSC 

actuation designs developed previously. 
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Figure 4.8 Motions of the tongue: (a) at rest, (b) raising the bank, (c) raising the 

front and (d) twisting. 

 

4.3.1 Design and manufacturing 
The motions of the tongue highlighted previously can be summarized as 

follows: bending of the back of the tongue, bending of the tip of the tongue, and 

twisting of the tongue. Due to the various types of motions that are required 

including twisting deformation, the previously developed concepts where SMA 

wires are embedded at an angle within the matrix to produce multiple modes of 

actuation is well adapted for this application. 
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On the top segment, SMA wires are placed at an angle within the matrix to 

produce the twisting motion of the tongue and both SMA wires can also be used 

to produce the bending of the tip of the tongue. One SMA wires is positioned 

along the length on the bottom of the tongue so that downward bending causes 

the back of the tongue to be raised due to the restricted motion of the tongue 

towards the bottom of the mouth. The fabricated prototype is shown in Figure 

4.14. 

 

 

Figure 4.9 Prototype of the soft artificial tongue 

 

The SMA wires used are the Flexinol wires with a diameter of 0.006 in 

(152.4 μm) used previously and the PDMS is Sylgard-184 from Dow-Corning. 

The tongue is then assembled with an ABS model of the lower jaw to be able 

to visualize the results more easily. The lower jaw model is made through FDM 

using a Stratasys Dimension SST 768 machine. 

 

4.3.2 Results 
The three different modes of actuation including bending of the tip of the 
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tongue, bending of the back of the tongue and twisting in both directions of the 

artificial tongue are tested by applying a current of 0.65 A to the appropriate 

SMA wires. Results for the different deformations in an isometric view are 

shown in Figure 4.15. 

 

 

Figure 4.10 Artificial tongue undergoing different motions: (a) bending of the 

tip of the tongue, (b) bending of the back of the tongue, (c) clockwise twisting 

of the tongue, and (d) counterclockwise twisting of the tongue 

 

In addition to replicating the general shape of the tongue during 

deformation, it is important to see if the deformation would be sufficient to 

touch the different parts of the mouth as required when used to produce 

consonants. To do so, a jig was built replicating the general dimensions of the 
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mouth to see the performance of the tongue actuator with respect to the real 

dimensions of a mouth. The results are shown in Figure 4.11. 

 

 

Figure 4.11 Actuated position of the tongue while (a) bending the back, (b) 

bending the front and (c) twisting the tongue 

 

The developed artificial tongue makes uses of the previously developed 

design for an actuator capable of multiple modes of actuation and, in addition 

to being the first artificial tongue using smart materials for actuation, it is the 

first artificial tongue capable of motions related to both speech and feeding. The 

developed artificial tongue does not require external sources of actuation apart 
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from a power source, is human-sized and is capable of replicating many of the 

most important motions of the human tongue. 
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Chapter 5. Conclusions 

 
The selection of an actuator is an important step in the design of many 

engineering projects, and the selection of an actuator is generally based on its 

characteristics in terms of requirements and capabilities. Soft actuators can use 

a variety of actuation source, and each source of actuation has its own 

characteristics, limitations and advantages. Although the performance of each 

type of soft actuator is directly related to the performance of the materials used, 

it is also through the advancement of the design and manufacturing methods of 

these actuators that the envelope of possible functions and applications of each 

actuator can be broadened. 

In particular, the deformation modes of an actuator determine its possible 

functions. An actuation mechanism for a smart soft composite actuator 

comprised of SMA wires and a soft PDMS matrix was developed that enabled 

the pure-twisting deformation of the actuator. The length, width and length of 

the actuator were shown to have a direct impact on the twisting angle and torque 

of the actuator. PID control of the resistance of the actuator was also shown to 

be an effective method to control the twisting angle of the actuator. Using four 

SMA wires positioned similarly to the pure-twisting actuator, it is possible to 

realize deformations in multiple modes and directions of actuations. The 

developed actuator is capable of forward and backward bending, clockwise and 

counter-clockwise twisting, and of the four combinations of bending and 

twisting deformations. FEA was shown to be capable of predicting the 

performance of this actuator in the different modes of actuation. 

The performance of this actuator is in the range of 1.2 °/mm for both 

bending and twisting, and of a combined 1.2 °/mm for the combined bending 
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and twisting mode of actuation. In order to compare the performance of this 

actuator with similar actuators, a comparison of bending, twisting, and 

combined bending and twisting performance of soft actuators is shown in 

Figure 5.1. The blue circle corresponds to the only other soft actuators, using 

IPMC, which were shown to be capable of bending and twisting, but were not 

shown to be capable of combined and twisting. It can be seen that the developed 

actuators compares favorably to other actuators in each individual mode of 

actuation while also being capable of all three modes of actuation in multiple 

directions. 

 

 

Figure 5.1 Comparison bending and twisting actuators 
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Actuators with rectangular cross-sections present advantages due to being 

symmetric and having a low twisting stiffness. Their low bending stiffness can 

be an advantage or a disadvantage depending on the intended application. Also, 

the use of simple molds to manufacture the actuators presents multiple 

limitations in terms of the geometry of the cross-section of the actuator. In 

particular, the following four limitations were identified: 

 

• Limitations of mold geometry due to requiring tool access to insert the 

SMA wires through the exit holes of the mold. 

• Limitations for cross-sections containing multiple materials where some 

materials would require lower curing temperature than others. 

• Limitations in terms of inner geometries due to needing to remove the 

inner portion of the mold. 

• Limitations in terms of having SMA wires positioned linearly due to the 

pre-straining requirements. 

 

Three different manufacturing methods were presented in order to 

overcome these limitations and fabricate actuators with different properties. 

First, the use of interference fit molds were presented where multi-part molds 

are assembled during assembly or during manufacturing to allow more complex 

mold geometries and the fabrication of actuators whose matrix contain multiple 

materials. This method was used to fabricate twisting actuators with cross-

shaped cross-sections, I-shaped cross-sections and of actuators with matrices 

containing multiple materials in a sandwich configuration. Second, a method 

called 3D Soft Lithography was introduced to enable the fabrication of 

thermocurable polymer parts with complex internal features by combining 

additive manufacturing processes with multiple solvents. This method was 
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adapted to the fabrication of smart soft composite actuators and applied to the 

fabrication of a square-shaped twisting actuator with a square-shaped hollow 

section. Third, a method called double SSC casting was introduced to allow the 

fabrication of actuators were the SMA wires are positioned non-linearly within 

the actuator by fabricating a first actuator and then recasting it in a second mold 

with a different geometry. This method was used to fabricate an actuator with 

multiple SMA wires positioned within a tube with a hollow cross-section where 

the SMA wires follow the curvature of the tube along the length. It would not 

be possible to manufacture the actuators built through the developed 

manufacturing processes while using simple molds and thus the developed 

manufacturing processes are useful for the development of future actuators with 

more diverse properties. 

One of the actuators manufactured through double SSC casting was tested 

to determine both its stiffness and twisting performance to compare its overall 

performance in relation with other soft twisting actuators, as shown in Figure 

5.2. However, it is the first soft actuator that also aims at having a large bending 

stiffness while being compliant and being capable of a large twisting 

deformation. Its flexural rigidity and twisting performance is thus only 

compared with the other actuators developed in this work since there is a lack 

of data on the flexural rigidity of soft actuators, whether capable of bending or 

twisting. The fabricated actuator can serve as a comparison point for future soft, 

yet stiff, actuators.  
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Figure 5.2 Comparison of the flexural rigidity of soft twisting actuators 

 

Two applications were developed using the designs and the manufacturing 

methods introduced in this work. First, an artificial wrist with a length of 18 cm 

and with 12 embedded SMA wires manufactured by double SSC casting is 

presented that is capable of producing a twisting deformation and of sustaining 

a tip load. This is the first prototype of a soft robotic wrist since most soft 

actuators are not capable of being compliant and producing a twisting 

deformation while sustaining a tip load. Second, an artificial tongue was 

presented that makes use of the design for an actuator with multiple modes of 
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motion in order to recreate some of the different modes of deformation of the 

human tongue. This tongue is the first real-scale prototype for an artificial 

tongue that does not require any external source of actuation apart from a power 

source, while also being capable of multiple deformations related to both 

feeding and communication. Each of the two applications displays different 

aspects of the capabilities of the proposed designs and manufacturing methods: 

large deformations in multiple modes and directions of actuation, and soft, yet 

stiff, actuators capable of large deformations.   
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초      록 

 
유연 구동기는 다양한 구동원을 활용하여 구현될 수 있지만, 사

용되는 구동원에 따라 각각의 특징 및 장단점이 존재한다. 각 유연 

구동기의 성능은 구동기를 구성하는 개별 요소들의 성능과 직접적

인 연관성이 있지만, 새로운 구동기 구성을 가능하게 하는 새로운 

설계 및 공정 기법의 개발을 통해 구동 성능의 향상 및 적용 분야

의 확장으로 이어질 수 있다.  

본 연구에서는 형상기억합금 와이어와 유연 PDMS 기저 재료로 

구성되면서, 오직 두 가닥의 형상기억합금만을 이용하여 비틀림 변

형 구현이 가능하도록 하는 지능형 연성 복합재 구동기의 구동 메

커니즘을 개발하였다. 비틀림 각도는 형상기억합금의 저항 변화에 

기반한 PID 제어 방법을 구현하여 적용하였다. 4가닥의 형상기억합

금 와이어를 활용하여 여러 방향으로의 변형이 가능하도록 설계를 

개선하였으며, 이에 다중 모드 구동을 구현하였다. 구현된 구동기는 

전후 방향 굽힘 변형, 시계 방향 및 반 시계 방향으로의 비틀림 변

형, 그리고 4가지의 굽힘-비틀림 복합 변형이 가능하다. 개발된 구동

기의 변형 량 예측을 위하여 상용 FEA software를 사용하였으며, 그 

결과 제작한 구동기의 변형량 예측 가능성을 확인하였다. 

이렇듯 기존과 다른 기계적 특성과 구동 성능을 갖는 새로운 형

태의 구동기 제작을 가능하게 하기 위해 새로운 공정 기법을 개발

하였다. 복잡한 외부 형태를 갖고, 기저재료로서 다양한 폴리머 계

통의 재료로 구성되는 구동기 제작을 가능하게 하기 위해 끼워맞춤 
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몰드를 사용한 공정을 제시하였다. 또한 열경화성 재료로 구성되며 

복잡한 내/외부 형상을 갖는 3차원 구조 제작을 위한 3차원 리소그

래피 공정을 개발하여 비틀림 구동기 제작에 활용하였다. 그리고 비

선형 형상기억합금 와이어의 위치고정을 위해서 지능형 연성 복합

체 이중 주물 제조방법을 개발하였다. 상기 세 가지의 제작 방법으

로 단순한 주물방식이 가지는 한계를 극복하여 복잡한 형상의 구동

기 제작이 가능하였다. 

본 연구에서 개발된 설계 및 공정 기법을 활용하여 각기 다른 

두 가지 적용 사례를 제시하였다. 첫 번째 적용사례는 물건을 쥐고 

있는 것과 같이 한 쪽 끝에 하중이 부가된 상태에서의 고정 및 비

틀림 변형이 가능한 유연 로봇 손목 구동기이다. 두 번째 적용사례

는 생체 모방 인공 혀로써, 의사소통 및 음식물 섭취 시에 일반적으

로 사용되는 것과 관련된 각기 다른 세 가지의 움직임을 구현이 가

능하다. 

Keyword:  지능형 연성 복합재, 형상기억합금, 인공근육, 비틀림 

구동기 
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