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Soft morphing is an emerging technology for applications in various industrial fields, 

such as wearable devices and biomimetic soft robots, because of its advantages in 

adaptability to various environmental conditions by mimicking the ‘soft’ motions of nature. 

Various smart materials-based actuators have been developed to generate active soft 

morphing in structures, but their limited performance in terms of actuated morphing shapes 

and actuating speeds have prevented them from being used more widely. 

This work presents a soft composite actuator capable of achieving flexible and complex 

motions, using a shape-memory alloy (SMA). The anisotropic material properties of the 

composite, considered a major defect in composite structures, were accentuated using a 

scaffold structure, so that the actuator could generate more diverse motions, even in a 

simple, lightweight structure. The composite characteristics depend on the scaffold 

structure embedded in the actuator, so actuator motion could be designed according to the 

scaffold structure. The scaffold structure was easy to fabricate using a three-dimensional 
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(3D) printer. SMA wires were also included to generate a force for actuation; these 

components were combined as a composite using a soft polymer. The actuating 

characteristics of the actuator depended on the type of scaffold: symmetric, anti-symmetric, 

and asymmetric scaffolds were evaluated, and four different modes of actuation were 

realized. 

A design methodology was proposed to permit more diverse and complex motions than 

the four basic modes of actuation, and was implemented in a turtle mimetic robot as an 

example application. The motion of a marine turtle flipper was analyzed and simplified 

into three sections. The required motion for each was matched with an appropriate scaffold 

design and the three scaffold structures were combined into a single actuator module. This 

flipper actuator was capable of mimicking two different swimming gaits of the marine 

turtle with a single actuator, depending on the current pattern applied. The locomotion 

characteristics of the two swimming gaits were evaluated in terms of efficiency and 

swimming speed. 

An actuator design to increase actuating speed and deformation magnitude was also 

developed, which extended the range of actuating performance for the SMA-bending 

actuator. Use of a bundle of SMA wires with a small radius instead of a single, thick SMA 

wire improved the cooling efficiency of the wire and increased the actuating speed, up to 

35 Hz. Also, because the natural frequency of the actuator could be controlled by the 

scaffold structure design, the resonance effect was used actively to increase the actuating 

deformation. With this, a scaffold design methodology to achieve the required natural 

frequency of the actuator was developed and confirmed with experimental data. Actuating 

performance underwater was also evaluated and a model to predict the appropriate actuator 

length for the best performance was proposed. As an application of the high-speed actuator, 

a fish mimetic robot capable of 10 Hz fin flapping was developed and its speed was 
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measured. The actuator was also applied to flying wings to mimic the flapping motion of 

birds or insects by adding a mechanism for passive rotation. 

 

Keyword : Soft morphing, Smart Soft Composite actuator, Biomimetic actuator, Shape 

Memory Alloy, High speed actuator, Multi-material deposition 
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Chapter 1. Introduction 
 

1.1. Overview 
 

In contrast to artificial industrial robots constructed with stiff materials, such as metals, 

most creatures in nature consist of soft tissues. Traditional industrial robots have 

advantages in terms of precise position control, generating large forces, and efficient 

motion design under restrictive conditions, so they are used widely in industries that 

require repeated tasks. However, the rigid and complex system designs for control and 

force become limitations to adaptability in unpredictable circumstances [1].  

It is important to develop robots capable of working in such unpredictable circumstances 

because of their potentially wide usage. It is impossible to predict all possible situations 

that a robot might encounter in situations such as a rescue or survey in an unknown 

environment. Additionally, traditional robots, with their linkages, joints, and gears, have a 

limited degree of freedom (DOF) in motion, so they have poor adaptability. 

Thus, a new type of actuator that consists of soft materials has been developed to better 

mimic the soft structures of nature. Pneumatic/hydraulic pumps and/or smart materials are 

used as their actuating source. An actuator using a pneumatic/hydraulic system uses 

pressure regulation inside an air/liquid channel. It has the advantages of large deformation 

and force, because of the high pressure generated by the pump, but has limitations due to 

the large size and heavy weight of the pump. Because of these problems, it is difficult to 

design a light, small autonomous robot using such an actuator. 

Another type of soft actuator uses smart materials as the actuating source and these 

actuators can control motion based on the material design. This allows systems to be simple 

and lightweight, so most small, wireless, soft robots use such smart materials as their 

actuating source. For these reasons, a smart material was used in this study as the actuating 
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source to develop a simple, light, soft actuator. 

 

 

1.2. Actuator using smart material 
 

‘Smart’ materials are multi-functional materials that can be controlled by external 

stimuli according to a desired purpose. With regard to an actuator, a smart material can be 

defined as one that can change its shape or generate a force from external stimuli, such as 

temperature, an electric/magnetic field, or humidity. Unlike motors, smart materials can 

move in diverse ways without external mechanical components. The most commonly used 

smart materials for actuators are piezoelectric materials (PZTs), electroactive polymers 

(EAPs), and shape memory alloys (SMAs). 

 Piezoelectric materials rely on a coupling between the electric field and mechanical 

stress to produce deformations due to the piezoelectricity [2]. Lead zirconate titanate (PZT) 

is the popular material in the piezoelectric material. It has advantage on the rapid response 

in a few microseconds and high force generation as in Figure 1.1. However, the high 

voltage requirement and very small strain are the limitation of PZT. 

EAP can generate the motion in response to the electric stimulus in the soft and flexible 

polymer. EAP can be divided into two groups: electronic EAP and ionic EAP. Electronic 

EAP is driven by electric field or coulomb forces and it can be categorize again as either 

electrostrictive (ferroelectric polymers) or electrostatic (dielectric elastomers) according 

to their actuation mechanism [3]. In ferroelectric polymers, the strain is generated by 

reversible alignment of polar groups due to the applied electric fields, and Poly(vinylidene 

fluoride) (PVDF) based polymers is the most widely used due to large bending 

deformations [4, 5]. In the case of dielectric elastomers, the electrostatic attraction between 

conductive layers generate a compression in thickness and stretching in the area of the 
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polymer film [4]. These electronic EAP has advantage on rapid response (millisecond) and 

stable actuation in open air condition, but it requires high voltage (~150 MV/m).   

Ionic polymer-metal composite (IPMC) actuators, which is a popular actuator belonging 

to the ionic EAP. It rely on an ionic polymer whose surface is plated with a conductor 

where ions migrate towards one surface with an imposed voltage [6, 7]. This ion migration 

causes bending of the polymer in one direction, and actuators capable of large bending 

deformations which is one of its advantage. However, IPMC and other type of ionic EAP 

only can actuate in aqueous system and their actuating performance is easily degraded due 

to the crack on the electrode layer. Lower actuating force is another disadvantage as in 

Figure 1.1. 

When a pre-strain is applied, SMAs undergo strain recovery, in the range of 4–8%, when 

subjected to heating by transforming from a martensite phase at low temperatures to an 

austenite phase at higher temperature, and vice versa during cooling [8-11]. SMAs have 

the advantages of higher forces and higher energy densities, compared to other types of 

smart materials (Figure 1.1). Moreover, SMAs have higher power to weight densities in 

light structures compared with other ‘traditional’ actuating sources, such as motors and 

hydraulic and pneumatic actuators (Figure 1.2). However, SMAs are generally considered 

to have slow actuation speeds (seconds), which is seen as a major hindrance for their 

adoption in a wide range of applications [12].  
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Figure 1.1. Comparison of smart material in strain and stress [13]. 

 

 

 

 

 

Figure 1.2. Comparison of actuator in weight and power/weight ratio [14].  
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1.3. Soft bending actuator with smart material 
 

A soft, bending motion along the whole structure is needed to generate continuous motion, 

unlike traditional joint/linkage systems that can only move to specific positions. Various 

approaches to realize such soft, bending motions using smart materials have been studied. 

Bending actuators have been developed with different characteristics and performance 

depending on their materials and design. 

Deformation magnitude, actuating speed, and diversity of motion can be used as 

standards to evaluate the performance of a bending actuator. This chapter compares 

bending actuators with commonly used smart materials based on these standards. 

 

 

1.3.1. Actuating speed and deformation magnitude 
 

The speed of a bending actuator and the magnitude of its deformation are determined 

primarily by the characteristics of the smart material and its configuration in the structure. 

This chapter describes general methods used to generate bending motions using PZTs, 

EAPs, and SMAs, and compares the bending deformations and actuating speeds depending 

on each smart material. 

Bending actuator using piezoelectric material can be formed by bonding a piezoelectric 

plate together with a metal-ceramic layer forming a unimorph or two piezoelectric plates 

forming a bimorph [15, 16]. This type of actuator have the highest actuating frequency of 

all smart material-based bending actuators, but they are limited by their small deformation 

as shown in Figure 1.3 [17-21]. This is because the ceramic materials used in this type of 

actuator are very brittle and susceptible to fracture [22, 23], such that large strains in the 

structure can degrade their actuating performance. Although there is no information about 

their actuation speed, piezoelectric actuators showed up to deflections of 1.48 mm [24] 
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[25].   

For the EAP based bending actuator, IPMC are capable of large bending deformations in 

the range of 26 mm maximum tip deformation have been reported as in Figure 1.3 [26-40]. 

Brunetto et al. found that the actuator’s deformation is increased when the actuating speed 

is matched to the natural frequency of the structure, resulting in an actuator capable of 

bending deflections of 7.2 mm at 9.5 Hz [30]. Shahinpoor et al. performed experiments for 

frequencies ranging from 0.1 to 35 Hz and found that there was an increase in maximum 

tip deformation around both the first and the second natural frequencies [35]. Although 

IPMC actuators have been reported to be capable of large deformations [41], most of the 

IPMC actuators exhibit relatively small maximum tip deformation at higher frequencies 

due the need to use a thinner matrix to reduce the traveling distance of the ions within the 

matrix, but this also reduces the maximum deformation of the actuator since the actuation 

force is proportional to the thickness of the actuator [35, 42, 43].  

Lee et al. [44], Tzou et al. [45] developed bending actuators using PVDF-based polymers 

which is a type of ferroelectric polymer. To generate a bending motion, multiple flat 

dielectric films are stacked and bending deformations up to 56 mm maximum have been 

reported [46]. Multiple materials have been used to make these actuator such as Maleki et 

al. using PDMS [47] and Mutlu et al. using stretched dielectric film [48]. However, none 

of the literature surveyed by the authors report both the actuation frequency as well as the 

bending deformation for either of these actuators. 

In order to produce a bending motion using SMA, SMA wires are embedded or installed 

at an eccentric position with regards to an elastic beam structure which converts the linear 

contraction of the SMA wire into a large bending deformation of the structure. The 

actuation speed of this type structure and its actuating performance is shown in Figure 1.3 

[49-57] These SMA based bending actuators are advantageous since they have relatively 
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larger maximum tip deformations than other types of bending actuator, but they are limited 

by their slow actuation speed (~0.33 Hz) in comparison to both PZT and IPMC actuators. 

Therefore, none of the bending actuator using smart material could cover the area marked 

as red in the Figure 1.3. This is because of the limitation of each smart material described 

above but can be summarized as follows: IPMC shows small force or slow response time 

due to the ion migration mechanism, PZT has limitation to realize large deformation 

because of the brittle material property and SMA shows slow actuating response due to the 

limited heating/cooling speed. Actuating mechanism issue and material property issue are 

difficult to overcome but the heating/cooling speed issue can be improved by mechanical 

system design. Therefore, SMA is selected as the actuating source in this research to 

achieve large bending deformation in high-speed actuation. 

 

Figure 1.3. Comparison of the performance of the bending actuators with SMA, IPMC 

and PZT [17-21, 26-40, 49-57].  
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1.3.2. Actuator design and motion  

 

The basic motion of a bending actuator is a simple one-directional bending motion. 

However, bending actuators can be improved to realize more diverse motions depending 

on their design. Bending actuators need diverse motions to realize the complex motions of 

creatures in nature. This chapter compares design methodologies for actuators using smart 

materials to realize diverse motions, such as twisting and bending-twisting coupled 

motions.  

To realize complex actuating motions with IPMC, electrodes are segmented and 

appropriately arranged. Dario et al. realized the sinusoidal wave motion using divided 

segments by mechanical clamping and implemented in polychaete worm [58]. Andres et 

al. also develop the wave motion but with the fixed at one edge such as ray-like pectoral 

fins motion [59]. Lee et al. and Shahinpoor et al. developed multi-directional bending 

motion in square beam structure using four electrodes attached in each face [60, 61]. And 

the twisting motion also could be realized using more than two different strips of IPMC 

with each two electrodes per strip [62]. 

Even though IPMC can generate diverse shape of actuation, each deformation shape 

requires multiple strips of IPMC and multiple number of electrodes and it means that it 

needs delicate control algorithm to control multiple electrodes simultaneously.  

For the actuator using PZT, most of the actuator shows relatively small deformation due 

to the characteristics of PZT. To generate diverse motion, twisting motion was realized 

using two piezoelectric bending actuator combined with passive structure [63]. Twisting 

motion was also realized using anisotropic piezoelectric laminate [64-66]. Wave shape 

motion was also realized using serial combination of multiple piezoelectric actuator [67]. 

However, the deformation of these motion is very small less than few degree (~5 degree) 

for the twisting so there is limitation to make complex motion.  
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The actuator using SMA shows more diverse motion than other actuator. SMA can be used 

in spring form to attach to structures or in a linear form, such as a wire, attached between 

the end and edge of the actuator or embedded in composite structures at an eccentric 

position. However, the spring-type SMA only generates linear contraction; thus, one SMA 

spring actuator can only generate one-directional folding [68-70] or a one-directional 

contraction motion [71]. To overcome this problem, a bi-stable structure was proposed 

using SMA springs to generate more than one direction of motion, but it is only capable of 

two states, due to the characteristics of bi-stable structures [72]. For the linear type of SMA 

wire, attached at the end and edge or embedded in the composite, only a one-directional 

simple bending motion can be generated with a single SMA wire [49, 57, 73-88]. To 

generate more complex motion, an actuator, named “BISMAC,” can realize multiple radii 

of curvature by changing the stiffness of the material, but its deformation is still limited 

only to bending deformation [56]. Feng et al. used the multiple SMA wires aligned in 

parallel; this configuration was capable of in-plane deformation but it required an external 

driving force to be deformed [89]. Twisting motion was also realized using crossed SMA 

wires embedded in a polymer, as demonstrated by Rodrigue et al. [90], or the twisted SMA 

wire embedded in the soft polymer developed by Shim et al. [91]. Bending-twisting 

coupled motion could be realized using angled SMA wire [92], crossed multiple SMA 

wires [93], and anisotropic materials [51, 94]. The other actuators are capable of shape fix 

or stiffness change when combined with other materials, such as shape memory polymers 

[95] and fusible alloys [96]. Ghosh et al. used a shape memory polymer with a varying 

glass transition temperature to realize multiple states of actuation according to temperature 

[97]. However, none of these previous studies allowed for various different motions 
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according to the composite design of the actuator. 

SMA has also been used for active morphing of a wing as the composite structure. Strelec 

et al. used SMA wire attached to points on the inside of an airfoil to change the airfoil 

profile [98], and Yang et al. used four pairs of SMA wire attached to the bottom surface of 

the wing in a chord-wise direction [99]. Han et al. proposed a morphing spoiler using 

woven SMA with glass fiber [100]. Elzey et al. developed a shape-morphing wing using a 

bio-inspired cellular metal vertebrate structure [101]. These are capable of bending and/or 

twisting motions using multiple SMA wires; however, the motion is limited to only these 

two motions. 

Therefore, most soft/bending actuators generate motion based on the configuration of the 

actuating source as in Figure 1.4, but this requires complex design and delicate control 

methods. These challenges become more difficult as the desired actuating motion becomes 

more complex.  
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Figure 1.4. Actuating shape of smart material based actuator depends on the actuator 

design [15, 16, 43, 60-62, 67, 90, 91, 102-110].    

 

 

1.4. Manufacturing process for soft actuator 
 

A cutting-based manufacturing process is typically used for traditional motor-based stiff 

actuators: each component is made using a machining process and then the components 

are assembled to make the robot. However, soft robots consist of various materials with 

different characteristics, and require new manufacturing processes. Various processes have 

been proposed: shape deposition manufacturing (SDM) and smart composite 

microstructure (SCM) are the most popular processes. 

SDM, first developed by Merz et al., has unique capabilities in building multiple 

materials and structures [111]. It involves a casting process and a computer numerical 

control (CNC) machining process, so cutting and deposition processes are combined to 
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make specific shapes (Figure 1.5(a)). Integrating the casting and cutting processes can 

enable gradual changes in the stiffness of a structure (Figure 1.5(b)). 

 

Figure 1.5. SDM manufacturing system and its application. (a) Diagram of SDM process 

[112], (b) Application to the five-bar linkage with flexure joint [113]  

 

 

SCM was developed based on microelectromechanical systems (MEMS) processes and 

provides advantages in terms of microstructures [114]. The basic components of SCM 

consist of a compliant part and rigid part, combined to act as a soft joint structure (Figure 

1.6(a)). The advantages of SCM have allowed the production of small, high-performance, 

lightweight biomimetic robots (Figure 1.6(b)), which could not be achieved with previous 

processes. The SCM process involves using lasers to prepare precise patterns on a layer 

and then layering each patterned layer manually. After alignment, each layer is then cured 
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as a composite (Figure 1.6(c)). 

However, both SDM and SCM processes consist of deposition and cutting processes, so 

the systems are more complex than processes using deposition alone. Additionally, the two 

processes are only partially automated: the casting process of SCM is not fully integrated, 

and SDM requires manual layering of laser-patterned layers.     

 

 

  

 

Figure 1.6. SCM manufacturing system and its application. (a) Schematic diagram of 

SCM structure [115], (b) application of small scale biomimetic robot [116-118] (c) 

Manufacturing process of SCM [115]     
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1.5. Goal of research 
 

The goal of this research was to develop a large, deformable, high-speed soft actuator 

with diverse motions in a simple structure that can realize biomimetic motions. To achieve 

this, the following specific objectives were defined. 

The first objective was to develop an actuator design to realize diverse motions. Previous 

soft actuators have limited actuating motions because the motion was only designed in 

terms of actuating source arrangement. To overcome this, Chapter proposes a method to 

design a composite that can realize diverse motions using only structural properties. The 

motion of the actuator can be designed using scaffold structures embedded within the 

actuator, so it can realize more diverse motions in a simple way. 

A design methodology to realize complex biomimetic motions is also needed for the 

biomimetic robot. To achieve this, Chapter 3 proposes a modular combination of different 

scaffold structures according to target actuating characteristics. This method can be applied 

to achieve more diverse motions: it was applied to a turtle mimetic flipper actuator and its 

performance was evaluated. 

Finally, Chapter 4 proposes an actuator design for a large, deformable, high-speed 

actuator. Limited actuating speeds and deformations in past soft actuators using smart 

materials have been barriers to applications in various fields. In this research, multiple 

small-radius SMA wires were used to increase the actuating speed, and resonance of the 

actuator was used to increase the deformation. This high-speed actuator was applied to 

develop a fin actuator for a fish-like robot and flying wings for a bird-like flying robot as 

example applications. 
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Chapter 2. Design of composite actuator 
 

 

2.1. Overview 
 

A design methodology is required to allow the actuator to realize various actuating 

motions in various applications. This chapter describes a bending motion that is commonly 

used in soft actuators and presents a design method for an actuator using SMA. It also 

describes an actuator capable of bend-twist coupled motion using a minimum number of 

actuating sources using a composite design, in contrast to previous actuators that used 

multiple actuating sources and complex alignments to realize diverse motions. To detail 

the design methodology for the actuator and its required motions, the various bending 

motions were classified into four categories and a composite design was developed to 

realize each motion.  

 

 

2.2. Categorize actuation modes 
 

The bi-directional continuous actuating motions in the plate shape actuator are 

categorized into the following four different modes of actuation (Figure 2.1). The first is 

symmetric motion, as in Figure 2.1(a), which shows symmetric bend-twist coupled motion 

or bending-only motion relative to the reference plane. The reference plane is assigned at 

the initial position of the actuator when no SMA wire is actuated. The second mode is anti-

symmetric motion, as in Figure 2.1(b), which is an anti-symmetric bend-twist coupled 

motion relative to the reference plane. So, this mode shows the opposite directional bend-

twist motion along the x axis but has the same magnitude of end edge displacement and 

twisting angle. The third mode is asymmetric motion, as in Figure 2.1(c), which shows a 

different magnitude of end edge displacement or twisting angle relative to the reference 
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plane. The direction of the bend-twist can be the same or opposite. The fourth mode is 

torsional motion, as in Figure 2.1(d), defined as showing only torsion, without bending 

deformation. Thus, it shows rotational motion relative to the z axis. 

 

 

Figure 2.1. Schematic diagram of the four modes of actuation. (a) symmetric actuating 

mode. (b) anti-symmetric actuating mode. (c) asymmetric actuating mode. (d) torsional 

actuating mode.  

 

 

 

2.3. Smart Soft Composite structure 
 

2.3.1. Component design 

 
To realize four different modes using as small a number of SMA wires as possible, a 

scaffold structure was proposed to control the deformation shape. Simply using two, 

layered SMA wires, one above and one below the neutral surface, can only produce a pure 

bending motion. However, using the scaffold structure, the actuator can realize four 
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different modes of actuation. 

The actuator consists of three components and each is combined in the composite plate 

as in Figure 2.2. First is the SMA wire that can generate actuating power. When electric 

current is applied to the SMA wire, Joule heating, due to the resistance of the SMA wire, 

increases the temperature of the SMA wire so that when the temperature goes above the 

austenite starting temperature, the SMA wire starts to contract, transforming to its original 

shape as the reverse transformation. Because the SMA wire is embedded at an eccentric 

position in the structure, it starts to bend. When the electric current is turned off, the 

temperature starts to decrease and when the temperature is below the martensite start 

temperature, the SMA wire becomes elongated and the actuator recovers to its initial state 

in the detwinned martensite phase, due to the material’s elasticity. The second component 

is the scaffold structure, which controls the actuating shape of the actuator. The scaffold 

structure consists of multiple layers, each with multiple fibers aligned in parallel. The 

orientation of the fiber can vary from −90 to 90° in each layer. Thus, various types of 

scaffold can be designed according to the stacking sequence of the layers. The third 

component is the matrix, which combines the SMA wire and scaffold structure. 

To realize four different modes in the actuator, three different types of scaffold structure 

are proposed as in Figure 2.3. First is the symmetric ply combination, which involves 

stacking each ply symmetrically, such as [30/45/30], [45/60/45], and [75/90/75]. Second 

is an anti-symmetric ply combination, which involves stacking each ply anti-

symmetrically, such as [30/90/-30], [45/90/-45], and [75/90/-75]. Third is an asymmetric 

ply combination, which involves stacking each ply asymmetrically, such as [90/60/30] and 

[75/60/30]. 
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Figure 2.2. Configuration of SSC structure. 

 

 

 

 

Figure 2.3. Three different types of scaffold structure 

 

 

 

2.3.2. Actuating mechanism 

 
The actuating mechanism of scaffold type actuator can be simplified as shown in Figure 

2.4. When the SMA wire is actuated at higher temperature than austenite start temperature, 

the SMA wire is start to be contracted uniformly with the lamina where the SMA wire is 

embedded and it can generate the bending motion of actuator. 

However, not only the simple bending motion in the isotropic material, the bend-twist 
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coupled motion also can be realized using the scaffold structure embedded in the actuator. 

This behavior can be predicted by using Classic Laminate Theory (CLT) and it can be 

explained by the anisotropic composite configuration.  

In this research, the matrix is consisted by PDMS (Polydimethylsiloxane) and scaffold 

structure is consisted by ABS (Acrylonitrile Butadiene Styrene copolymer) that fabricated 

by 3D printer.  

 

 

Figure 2.4. Actuating mechanism of SSC structure. 

 

 

 

Figure 2.5. Laminate configuration of the SSC structure. 
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The Young’s modulus of SMA D can be express as follows [119]. 

 a m aD D D D                           (2.1) 

where aD  is the Young’s modulus of SMA at austenite phase, mD  is the Young’s 

modulus of SMA at martensite phase and   is the martensite volume fraction of SMA. 

If the thermal and elastic strain of SMA are neglected, the total strain of SMA can be 

generated from the transformation strain and it can be simplified as follows. 

  max1SMA H                            (2.2) 

where the maxH  is the maximum transformation strain of SMA. 

To calculate the stiffness matrix of lamina where the SMA wire is embedded as Figure 

2.5, material property of the layer k = 1 can be derived as follows. 
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where 1E  and 2E  are the modulus of longitudinal and transverse direction, fV  is the 

volume fraction of SMA wire, SMAv  and SMAG  are the Poisson’s ration and shear 

modulus of SMA, PDMSv  and PDMSG  are the Poisson’s ration and shear modulus of 
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PDMS. 

The stiffness matrix Q can be generalized as follows. 
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The stiffness matrix Q can be transformed to coincide with loading direction by using 

following equation. 
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By using the notation described in Figure 2.6, the force and moment of laminate can be 

obtained as follows. 
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Figure 2.6. Laminate configuration of the SSC structure.  

 

1 1

0

11 12 16 11 12 16

0

12 22 26 12 22 26

1 0

16 26 66 16 26 66

k k

k k

x x xz zn

y y y

k z z

xy xy xyk k

N Q Q Q Q Q Q

N Q Q Q dz Q Q Q zdz

N Q Q Q Q Q Q

 

 

  


        
        

         
        

        

    (2.11) 

1 1

0

11 12 16 11 12 16

0 2

12 22 26 12 22 26

1 0

16 26 66 16 26 66

k k

k k

x x xz zn

y y y

k z z

xy xy xyk k

M Q Q Q Q Q Q

M Q Q Q zdz Q Q Q z dz

M Q Q Q Q Q Q

 

 

  


        
        

         
        

        

     (2.12) 

 
When the SMA wire embedded in the k = 1 lamina is actuated, the strain of this lamina 

can follow the transformation strain of SMA in simplified model. Therefore, the resultant 

forces and moments due the SMA are obtained as 
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The general expression relating forces and moments to reference plane strain and 

curvature of laminate including scaffold structure is as follow.  
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By substituting the resultant force and moment derived from equation (2.13) and (2.14) 

to equation (2.15), the curvature along the x and xy directions can be derived as x  and 

xy . The bending curvature along the longitudinal direction can be expressed as x  and 

the twisting angle twist  of actuator can be obtained as   

 1tantwist xy                          (2.17) 
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2.2.3. Component fabrication 

 
To fabricate the actuator, two SMA wires, the scaffold structure, polymer, and casting 

mold are required (Figure 2.7). The scaffold structure consists of multiple layers and each 

layer consists of multiple fibers apart from each other. Thus, it is difficult to fabricate in a 

traditional plastic casting process. However, if it is fabricated using a fused deposition 

modeling (FDM)-type 3D printer, each fiber can consist of a single filament ejected 

directly from the nozzle of the 3D printer. Thus, scaffold structures were fabricated with a 

3D printer (Dimension SST 768, Stratasys) with ABS (P-300). SMA wires (Dynalloy, Inc.) 

were the 150 µm, LT type. To position the scaffold and SMA wires, an acrylonitrile 

butadiene styrene (ABS) mold was fabricated using the 3D printer (Dimension SST 768). 

After the scaffold and SMA wires were positioned in the mold, the PDMS (Sylgard 184, 

Dow Corning, 10:1 ratio) was poured into the mold. The PDMS was then cured for 10 h 

at 50°C while the SMA wire positions were fixed. After the PDMS was cured, the side of 

the actuator was cut and the mold removed. 
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Figure 2.7. Fabrication process of the actuator 
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2.3. Performance evaluation 
 

2.3.1. Experimental set-up 

 

To measure the actuating motion of the actuator, a 100 × 100 × 73 mm box with a grid 

was designed (Figure 2.8). A transparent grid was attached on the one side and a white 

panel was attached on the other side with respect to each axis. Thus, points in the box can 

be measured in the xy, yz, and xz planes. The positions of points are measured using three 

cameras in the normal direction with respect to each of the three planes. To evaluate the 

actuating motion of the actuator, the end edge displacement, which represents the total 

moving distance during actuation, and the twisting angle, which represents the twisting 

deformation, were used. To measure the end edge displacement and twisting angle of the 

actuator, colored dots were marked at the tip corners of the actuator. Thus, the position in 

three dimensions can be measured with two dots each. While the measurements were being 

made, the transparent grid is positioned towards the camera and the measuring point of the 

actuator is moving towards the transparent grid to minimize visual distortion. 

The actuator being measured was 60 mm long, 20 mm wide, and 2 mm thick. Current 

was applied to the SMA wire using a Labview control system with a Labview 2012 

(National Instruments, USA) to input the current and 9024 and NI 9264 modules (National 

Instruments) to regulate the current. A current of 0.7 A was applied to the actuator for 5 s, 

which was sufficient for actuation of a point with no further movement. 

In the symmetric and anti-symmetric actuating modes, the twisting angle of the actuator 

is calculated by measuring the location of two points marked at the corner edge of the 

actuator (Figure 2.9). The initial positions of the marked points are 𝐚′ and 𝐛′; after the 

actuation, these two points have moved to 𝐚  and 𝐛 . The actuator is installed 

perpendicular to the x-y plane; 𝐚𝟎 and 𝐛𝟎 indicate the corner edge where the actuator is 

attached. We can assume that 𝐚′ − 𝐛′ =  𝐚𝟎 − 𝐛𝟎; thus, the angle change 𝜃 from the 
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initial position to after actuation can be derived from the angle between 𝐚 − 𝐛 and 𝐚𝟎 −

𝐛𝟎. 

   1cos 
   

     

0 0

0 0

a b a b

a b a b
                  (2.18) 

The end edge displacement of the actuator is defined as the distance between the initial 

position of the end edge and the final position of the end edge for the deformed actuator. 

It is calculated using the distance between the center position of 𝐚′, 𝐛′ before actuation 

and the center position of 𝐚, 𝐛 after actuation, as follows: 

_ ,
2 2 2 2

end edged d
       

      
    

' ' ' 'a b a b a b a b
          (2.19) 

In the torsional actuating mode, the rotated tip angle during actuation is defined as the 

torsion angle, to distinguish it from the twisting angle in the symmetric and anti-symmetric 

actuation modes. The measurement method for the torsion angle is the same as that or the 

twisting angle, as in equation (2.19). 
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Figure 2.8. Experimental set-up for measuring the end edge displacement and twisting 

angle 

 

 

 

 

 

 

Figure 2.9. Schematic diagram of actuator to calculate the end edge displacement and 

twisting angle. 

 

 

 



 

 29 

2.3.2. Actuating modes 
 

To realize the four actuating motions in Figure 2.1, three different types of scaffold 

structure were embedded and tested, as in Figure 2.10. To realize the bend-twist symmetric 

actuating mode, as in Figure 2.10(a), a scaffold structure consisting of a symmetric ply 

combination was embedded. This is because if the scaffold ply angle is symmetric and 

both SMA wires are positioned symmetrically, then the overall structure of the actuator 

also has a symmetric configuration. Actuating either SMA wire simply switches the 

bending direction of the actuator, with a similar magnitude of deformation in either 

direction with symmetric twisting. Thus, a current was applied to each SMA wire 

separately to deform only the upper or lower side. The motion, as in the left picture of 

Figure 2.10(a), is shown when the current was applied to the lower side SMA wire. To 

realize the motion on the right picture in Figure 2.10(a), the current was applied to the 

upper side SMA wire. 

To realize the anti-symmetric motion, an anti-symmetric scaffold structure consisting of 

an anti-symmetrical ply combination was used to give the entire structure anti-symmetrical 

properties. Similar to the symmetric actuation mode, actuating the SMA wire on the lower 

or upper side of the scaffold simply changed the bending direction, and because the angle 

is equal but opposite between opposing layers of the scaffold, the twisting will be anti-

symmetric, as classical laminate theory would predict. Because the actuator’s 

configuration is anti-symmetric, attaching it in the opposite direction with respect to the 

reference plane would result in the same configuration with the same direction and 

magnitude of actuation. Figure 2.10(b) shows the anti-symmetric motion with the anti-

symmetric scaffold structure. Current was also applied to each SMA wire separately for 

each direction of actuation. 

In the case of asymmetric motion, an asymmetric scaffold structure was used, such that 
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the difference in ply angles between the lower side and upper sides resulted in a different 

deformation direction and magnitude of actuation, depending on whether it was actuated 

in the upper or lower direction, as classical laminate theory would predict. Thus, using this 

configuration, it is possible to realize two different actuation patterns according to the 

scaffold design, such that a pure bending motion in one direction and a bend-twist coupled 

motion in the other direction occurs, as shown in Figure 2.10(c). 

To realize the torsional actuating motion without bending, both the upper and lower side 

SMA wires were actuated simultaneously to cancel the bending moment and maintain only 

the contraction force. To realize this motion, the anti-symmetric scaffold structure was 

used. Because the coupling stiffness matrix B is not zero in either the anti-symmetric or 

the asymmetric structure in the A, B, and D matrices of classical laminate theory, these 

configurations can generate torsional actuation through the SMA linear contraction 

realized by actuating both SMA wires as in Figure 2.10(d). However, the asymmetric 

scaffold has different stiffness between the upper and lower side, such that it has 

difficulties in realizing pure torsional motion. For a symmetric scaffold, the coupling 

stiffness B becomes zero, such that torsional motion is not generated. 

To validate the FEM model and confirm the effect of the ply angle on the different types 

of actuator configurations and their performance, examples of each actuating motion were 

proposed and their performance was compared to the performance predicted by the FEM 

model. 
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Figure 2.10. Four different actuating modes of the actuator: (a) symmetric actuation 

mode, (b) anti-symmetric actuation mode, (c) asymmetric actuation mode, and (d) 

torsional actuation mode [120]. 

 

 

 

2.3.3. Actuating characteristics of actuator 

 
To select the ply combination of the actuator, a ply combination method was chosen and 

the actuating performance of actuators with different ply angles was tested and compared 

against the FEM model. The number of ply was fixed at three, because it is the minimum 

number of ply needed to realize a symmetric configuration apart from using two plies with 

the same angle ( [ / ]  ). The ply combination method was selected as [ / 15 / ]   , and 

scaffolds were fabricated in increments of 𝜃 of 15°. The 0   case was not considered, 

because the parametric study predicts much smaller end edge deformation and no twisting 

deformation. Thus, this angle ( 0  ) is not suitable for the intended actuator design. 
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Figure 2.11 shows the end edge displacement and twisting angle of the actuator in 

symmetric actuating mode with selected symmetric ply combinations. The bar graph 

shows the experimental data and the line graph represents the FEM analysis. As the ply 

angle increased, the end edge displacement increased, but the twisting angle decreased, in 

general. However, if the ply angle was smaller than [30/45/30], the twisting angle started 

to decrease. This is because the total deformation was decreased due to the increased 

stiffness in the bending direction. Thus, the [30/45/30] scaffold showed the largest twisting 

angle. The FEM results of end edge displacement and twisting matched and followed the 

trends of the experimental data. 

 

 

 

 

Figure 2.11. End edge displacement and twisting angle of the actuator with a symmetric 

scaffold structure in symmetric actuating mode [120]. 
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To confirm the performance of the anti-symmetric actuation mode, selected anti-

symmetric scaffold structures were tested and their performance was compared with the 

results of the FEM analysis model. In the selection of the ply configuration of the scaffold 

for the anti-symmetric actuation mode, the number of plies was fixed at three, similar to 

the symmetric scaffold. The method of ply combination was selected as  / 90 /  , 

because a ply angle of 90° for the second layer neutralizes its influence on either twisting 

direction to realize anti-symmetric actuation. 𝜃 was increased in increments of 15° from 

𝜃 = 15° to 75°.  

Using these selected anti-symmetric scaffold structures, the end edge displacement and 

twisting angle of the actuator in anti-symmetric actuating mode are shown in Figure 2.12. 

The bar graph represents the experimental data and the line graph shows the FEM analysis. 

End edge displacement increased as the absolute value of ply angle increased in the 

experimental data and the FEM result. The twisting angle increased as the absolute value 

of the ply angle decreased until [-30/90/30], and if the ply angle was smaller than 

[-30/90/30], the twisting angle decreased. FEM analysis showed a smaller angle than the 

experimental data but the data followed the trend of the experimental data. 
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Figure 2.12. End edge displacement and twisting angle of the actuator with anti-

symmetric scaffold structure in anti-symmetric actuating mode [120]. 

 

 
Although numerous configurations of actuators with an asymmetric configuration can be 

considered, this work focused on a few essential examples of the asymmetric actuating 

mode. The selected asymmetric scaffold configuration was decided to be a 

 / / 2i i       layup configuration, where two different configurations of 15i    

and 30i    were tested. For the 30i   , 𝜃 values of 90° and 75° were tested to keep the 

ply angle of the 2 i   layer above 0° because the performance of the actuator would 

decrease significantly in this case. For the 15i  case, 𝜃 values of 90°, 75°, 60°, and 45° 

were considered only to avoid ply angles below 0°. Also, in the case of the asymmetric 

actuating mode, the characteristics of the upper and lower side of actuation can be designed 

differently; thus, the actuation characteristics of both directions of actuation can be 

analyzed separately. For example, an actuator can be designed that has pure-bending 
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deformation towards one direction and a combined bending and twisting deformation 

towards the other side. 

The end edge displacement of the actuator in asymmetric actuating mode with the 

selected asymmetric scaffold structure is shown in Figure 2.13. The end edge displacement 

at large ply angles indicates that the edge displacement is measured when the SMA wire, 

positioned near the layer with the larger ply angle, is actuated; the edge displacement at 

small ply angles occurs when the SMA wire near the layer with the lower ply angle is 

actuated. The Figure on the left shows the results for the actuators with 30° decrements in 

ply angles; the actuators with larger ply angles can generate a larger bending magnitude 

compared with those with smaller ply angles. The end edge displacement decreased as the 

ply angle decreased towards both the large ply angle and towards the small ply angle. The 

right side of the Figure show the results for the actuators with 15° decrements in ply angles. 

The first observation that can be made is that the end edge displacement decreased as the 

overall ply angles decreased for both directions of actuation. The difference between the 

end edge displacements of the large and small ply angles is small when the angles of the 

plies in the scaffold are large, but the difference increases as the ply angles decrease. The 

trends of both graphs correspond to those obtained from FEM; the results in the right graph 

show close agreement with both sets of data, apart from the [45/30/15] case. 

Twisting angle in the asymmetric actuating mode with an asymmetric scaffold is shown 

in Figure 2.14. The left graph of Figure 2.14 shows the twisting deformation results for the 

actuators with 30° decrements in ply angles. It can be seen that the twisting angle, when 

actuated towards the small ply angle, showed higher values than the twisting angle when 

actuated towards the large ply angle. For example, the twisting angle with the [90/60/30] 

scaffold structure showed 11.5°, nearly a pure bending motion, when the SMA at the 90 

ply angle side was actuated. Otherwise, a twisting angle of 85.4° was realized when the 
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SMA at the 30 ply angle was actuated. The right graph shows the twisting deformation 

results for the actuators with 15° decrements in ply angles. Results show that as the ply 

angle decreased, the twisting angle increased generally. When actuated towards the large 

ply angle, the [60/45/30] scaffold structure showed the maximum twisting value, which 

corresponds to the trend observed using FEM analysis. However, when actuated towards 

the small ply angle, the [60/45/30] and [45/30/15] values were not matched with the trend 

observed using FEM analysis. 

Although all actuators displayed nearly pure-bending deformation towards the large ply 

angle and a twisting-dominant deformation towards the small ply angle, the [90/60/30] 

scaffold structure showed the best performance in doing so. 

 

 

Figure 2.13. End edge displacement of the actuator with asymmetric scaffold structure in 

asymmetric actuating mode [120]. 
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Figure 2.14. Twisting angle of the actuator with asymmetric scaffold structure in 

asymmetric actuating mode [120]. 

 

 

To show examples of the torsional actuating mode, tests were conducted with anti-

symmetric scaffold structures with different configurations; the results were compared 

with those obtained through FEM analysis. Figure 2.15 shows the torsion angle in the 

torsional actuating mode using an anti-symmetric scaffold. When compared with the 

twisting angle in the anti-symmetric actuation mode, the torsion angle is higher. It showed 

a maximum value of 108.4°, which is 2.2 times larger than the maximum twisting value in 

the anti-symmetric actuating mode. If the absolute value of the ply was larger or smaller 

than [−45/90/45], then the torsion angle decreased. The FEM analysis data corresponded 

closely with the experimentally obtained values. 

Figure 2.16 shows the torsional angle of previous composite actuator in actuator length 

and torsional angle per length and it verified that the developed actuator in this research 

shows larger torsional angle in smaller scale.     
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Figure 2.15. Torsion angle of the actuator with anti-symmetric scaffold structure in 

torsional actuating mode [120]. 

 

 

 

Figure 2.16. Comparison of the previous composite actuator in torsional angle [51, 62, 

65, 90, 91, 93, 101, 107, 121-125].  
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2.3.4. Actuating trajectory 
 

To anticipate the trajectory of the actuator, we measured the trajectory of the actuator 

with the [30/45/30] scaffold and compared the results with the FEM data. In Figure 2.17, 

the simple bar shape represents the measured position of the actuator tip and the box shape 

represents the analyzed position from FEM. The measured position of the actuator tip is 

derived by connecting the two dots measured at the tip of the actuator. The FEM position 

and measured position are matched with the same color. The position in yellow does not 

follow the trend to increment the twisting angle but generally matches the FEM analysis. 

 

 

 

 

Figure 2.17. Actuating trajectory of the actuator with symmetric scaffold structure in 

symmetric actuating mode [120]. 
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2.4. Summary 
 

A smart soft composite structure capable of four modes of actuation is presented in this 

section. The actuator uses three different types of scaffold structure to control the motion 

and two SMA wires embedded above and below the scaffold structure for actuation. 

According to the type of scaffold structure and method to actuate the SMA wires, the 

modes of actuation are determined. A manufacturing method is introduced and 

experimental methods to measure the twisting angle and end edge displacement of the 

actuator are described. A model using FEM analysis is introduced to simulate the end edge 

displacement and twisting angle at different scaffold structures and a method to actuate the 

SMA wires. Using a FEM model, the end edge displacement and twisting angle of 

symmetric, anti-symmetric, asymmetric, and torsional actuation mode were determined 

and compared with experimental data. In the symmetric actuating mode, the [30/45/30] 

scaffold structure showed the highest value of twisting and the [75/90/75] scaffold 

structure showed the highest end edge displacement with an almost pure bending motion 

in the model and experimental data. Thus, to design an actuator to achieve a specific 

motion, it may be possible to select an appropriate scaffold structure according to its 

desired motion. In a similar manner, the [-30/90/30] scaffold showed the highest twisting 

angle and the [-75/90/75] scaffold structure showed the highest end edge displacement in 

an anti-symmetric actuating mode. For the asymmetric actuating mode, end edge 

displacement decreased as the ply angle decreased, but the twisting angle showed a 

different trend in the [60/45/30] and [45/30/15] scaffold structures. 

Torsional actuating mode showed the highest value, at 108.4°, with the [−45/90/45] 

scaffold. The trajectory of the actuator can also be predicted using the presented FEM 

model and the calculated values were comparable to the experimental data. 

The developed actuator is capable of four different modes of actuation based on a 
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composite design, which has not been observed in previous soft actuators using two SMA 

wires. Also, the proposed four different actuation modes can be used as a design platform 

for designing soft robots and morphing wings that require these specific actuating motions. 

Furthermore, designers are not limited to only using the stacking sequences presented this 

paper, but can also use other ply stacking sequences to design actuators to realize different 

complex motions of actuation. Only specific stacking sequences of each ply of the scaffold 

structure were selected and tested in this research due to the large design space of these 

actuators. Thus, future work will focus on developing an FEM analysis model to suggest 

the most appropriate scaffold structure design to realize the desired actuating performance. 
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Chapter 3. Complex motion design and application for 

turtle robot 
 

 

3.1. Overview 
 

A soft actuator is appropriate to realize the diverse and soft motions of nature. However, 

any actuator mimicking natural locomotion requires more diverse and complex motions 

than those described in the previous chapter. Specifically, mimicking natural locomotion 

requires more than two locomotion gaits depending on the situation, and realizing this with 

a single actuator requires improving the design methods described in the previous chapter. 

This chapter describes design methodologies to mimic the complex behaviors found in 

nature, and presents a biomimetic soft robot capable of changing gaits is presented as an 

example application. 

 

 

3.1.1. Bio-mimetic gait change robot 

 
Creatures living in different environmental conditions have unique characteristics related 

to their gaits of locomotion and exhibit features that maximize their chance of survival in 

their natural habitat [126-129]. However, different situations such as having to realize a 

rapid escape or for food acquisition [130-132] will require animals to either favor speed, 

agility or efficiency during locomotion. This change in locomotion characteristics may 

require changing gait, and there are often significant differences between the patterns of 

movement for the different gaits of an animal [133]. This change in gait has been observed 

in many animals including quadrupedal animals [134], six-legged animals [135], flying 

animals [136] and swimming animals [137, 138].  

Some previous research efforts have attempted to replicate the gait transition of animals 

in a robot. The horse walking-trotting gait transition was implemented in a compliant 
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quadruped robot developed by Moro et al. [139]. Also the gait transition of the salamander 

from walking to swimming was implemented in an amphibious salamander-like robot 

developed at EPFL Switzerland [140]. The two swimming gaits of the boxfish were 

implemented in a boxfish robot using three servo motors with gear sets at Peking 

University, and the gait transition between the pectoral gait at low swimming speed and 

the caudal gait at high swimming speed was realized [141]. 

 

 

3.1.2 Turtle mimetic robot 

 
Marine turtles such as the Chelonia mydas use two swimming gaits which are the routine 

swimming gait and the vigorous swimming gait [142]. The body of marine turtles is 

covered by a hard plastron and carapace such that they can only use their flippers as their 

primary thrust source, which is in contrast with other marine animal that also use their 

body to produce an undulating motion. The study of the locomotion of marine turtles is of 

interest since although they are restricted in their motion they remain one of the fastest 

swimming reptile [142], they can travel long distances [143] and they have excellent 

maneuvering capability [144]. Previous studies have shown that this could be due to the 

complex movement of the turtle flipper combining the flapping of the flipper with both an 

in-line and a twisting motion that contribute to the good thrust-producing ability of 

the Chelonia mydas [145, 146]. 

However, due to continuous three-dimensional deformation of the turtle’s flippers, it is 

hard to replicate their complex motion in a robot. Previously developed turtle robots cannot 

completely mimic the continuous and complex deformation shown in the forelimb motion 

of marine turtles because the mechanism of the limbs of these robots consists of a 

combination of motors and rigid structures. For example, AQUA [147] and Madeleine [148] 

[149] uses six and four fins each other with one motor for each fins where the fins only 
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oscillate, which is different from the marine turtle’s motion. The turtle-like robots proposed 

by Zhao et al. [150] and MiniTurtle-1 [151] have a motion based on the drag-based 

locomotion of freshwater turtles and not on the flapping motion of marine turtles. Finnegan 

has four fins and two motors are used on each fin where each fin allows a rolling and a 

pitching motion [152]. The NTU Turtle Robot [153], the Leonardo [144] and the Turtle 

2005 [154] also use mechanical components such as gears or cranks with two motor for 

each fore fin and the Naro-tartaruga [155] can generate a 3-DOF motion. Previous efforts 

on the gait change of turtles have focused on the water-land transition by producing a 

crawling motion such as the MiniTurtle, AQUA and NTU turtle robot, The motion of all 

these robots is limited to only the proximal part of the fin (near the robot’s body) without 

any deformations of the flipper itself, and none have focused on replicating the two 

swimming gaits of the marine turtle. This is because there was no actuator to realize soft 

motion with multiple gaits in single actuator design. Therefore, SSC design methods for 

biomimetic actuator was applied to the biomimetic turtle flipper capable of gait change 

with soft motion.  

 

 

3.2. Complex motion design using SSC structure 
 

To develop a flipper actuator that can mimic the motion of the Chelonia mydas, we 

propose using an SSC structure inspired by the anatomy of the forelimb of the Chelonia 

mydas based on previous analysis of the forelimb of marine turtles as shown in Figure 3.1. 

The joints of each digit in the forelimb of a Chelonia mydas are not placed in parallel [143], 

but on a diagonal to increase the stiffness in the bending directional deformation. Also, the 

forelimb consists of extremely elongated digits with extensive cartilage [143, 156]; this 

soft structure helps generate a continuous deformation of the flipper. In the turtle robot, 
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these two characteristics were implemented using a flexible acrylonitrile–butadiene–

styrene (ABS) scaffold, manufactured using a 3D printer, which is then implemented 

within the SSC structure [51, 94]. For the Chelonia mydas, the extensor digitorum muscle 

in the forelimb of a turtle is linked to the bone in an acentric position and generates 

actuation by contraction of the muscle [143, 156]. For the robot, a shape memory alloy 

(SMA) wire embedded SSC was fabricated to mimic the muscle because the SSC can 

produce complex three-dimensional deformations from the contraction of the SMA wire. 

The fibrous tissues of the turtle’s forelimb were approximated using polydimethylsiloxane 

(PDMS) combined with the embedded ABS scaffold structure. 

Unlike conventional motor-based mechanical actuators, SSC structures can realize 

various biomimetic motions with smooth and continuous deformations which could be 

helpful in mimicking the motion of the flipper. Different methods of actuation were 

developed to realize this type of biomimetic soft motion in robots, including an octopus 

robot using wire contraction and SMA springs, the GoQBot using SMA springs and the 

Robojelly using SMA wires, however the motion of the actuating part of these robots is 

limited to bending deformations [157-159]. However, the exact motion of SSC can be 

adjusted depending on the direction and stacking sequence of the filaments of an embedded 

ABS scaffold. If the stacking sequence is symmetrical, it can realize a symmetrical motion 

relative to the initial position. If the stacking sequence is anti-symmetrical, the actuating 

shape is also anti-symmetrical. If the stacking sequence is asymmetrical, it can achieve a 

torsional motion. Based on these three main design components, the actuator can be 

divided into sub-segments by changing the scaffold design along the length, adding more 

SMAs and using a control-actuating sequence for the different SMA wires. 
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Figure 3.1. Turtle-inspired biomimetic Smart Soft Composite (SSC) structure actuator 

(modified [156, 160, 161]) 

 

 

3.3. Turtle flipper mimetic actuator 
 

3.3.1 Turtle locomotion analysis 

 
To design a biomimetic marine turtle actuator using this SSC structure, it is necessary to 

simplify the turtle’s motion. To do this, we divided the forelimb into three sections 

according to the forelimb’s motion (Figure 3.2). First, when looking at the front view of 

Chelonia mydas, the middle part of the forelimb has a larger curvature than the distal part 

of flipper (Figure 3.3). Thus, the middle part of the flipper actuator must realize a larger 

bending deformation than the distal part. From the side view, the proximal part of the 

forelimb shows a bend–twist coupling motion along with a torsional motion of the distal 

part (Figure 3.4), so a torsional motion in the proximal and distal parts is required, along 

with a bending motion in the proximal part of the actuator. In the side view, the proximal 
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part moves in a horizontal line with a torsional motion (Figure 3.5), which differs from a 

bend–twist coupling motion. Additionally, the motions of the distal and middle parts must 

be symmetrical during both the upstroke and the downstroke. Thus, the turtle’s motion can 

be simplified as follows: 1) a torsional motion and pivot motion in the proximal part, 2) a 

large bending curvature with a small twisting motion, symmetrically, in the middle part, 

and 3) a large twisting motion with a small bending curvature, symmetrically, in the distal 

part. 

 

 

 

 

 

 

 

 

Figure 3.2. Biomimetic turtle robot with flipper actuator consisting of three different SSC 

structures (marine turtle picture was modified from [162])  
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Figure 3.3. Bending motion of a marine turtle at the middle and proximal part of the 

forelimb and its simplified model with its implementation in the flipper actuator. (a) 

Bending motion of marine turtle (redrawn and modified using the captured image from 

[163]). (b) Simplified model. (c) Implementation in the flipper actuator. 

 

 

 

 

 

 

 

Figure 3.4. Torsional motion of a marine turtle at the distal and proximal parts of the 

forelimb, and a simplified model with its implementation in the flipper actuator. (a) 

Torsional motion of marine turtle (redrawn and modified using the captured image from 

[164]). (b) Simplified model. (c) Implementation in the flipper actuator. 
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Figure 3.5. Pivot motion of a marine turtle at the proximal part of the forelimb and its 

simplified model with its implementation in the flipper actuator. (a) Pivot motion of 

marine turtle (redrawn and modified using the captured image from [164]). (b) 

Simplified model. (c) Implementation in the flipper actuator. 

 

 

3.3.2. Flipper actuator design 

 
To design a biomimetic turtle flipper actuator, an appropriate SSC structure designs is 

selected for each section of the flipper based on the previous analysis. First, in the distal 

part of flipper, the required actuator motion is symmetric so an SSC with a “symmetric 

actuation” mode is selected, which consists of the symmetric ply combination in Figure 

2.3 and Figure 2.10(a). In general, as the ply angle is decreased, the twisting deformation 

is increased and the bending deformation is decreased as in Figure 2.11. Therefore, to 

realize a large twisting motion with a small bending curvature, a scaffold with a small ply 

angle was selected. In this design, the [30/45/30] ply angle combination which showed the 

largest twisting angle as in Figure 2.11 was selected. In the middle part of the flipper, the 

required actuator motion is also symmetric, so the “symmetric actuation” mode was 
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selected again. The required motion for this section of the flipper is a large bending motion 

with a small twisting curvature, so the scaffold [60/75/60] was selected due to its large ply 

angles. The [75/90/75] scaffold was not selected because of the buckling motion while the 

flipper actuates due to its low stiffness. In the proximal part, the “Torsional actuation” 

mode should be selected to realize a torsional motion of this section of the flipper. This 

section of the flipper also requires a pivot motion so the “Torsional actuation” mode needs 

to be modified. In Figure 3.6, the basic “Torsional actuation” mode uses an asymmetric 

scaffold with a ply configuration of [90/60/30], which will create a rotation from the initial 

position to 1a and then to 1b when both SMA #1 and SMA #2 are actuated at the same 

time. To add the pivot motion, the SMA actuating sequence is changed to first actuating 

only SMA #1 and then SMA #1 and SMA #2 simultaneously, as shown in the third column 

of Figure 3.6. When only the SMA #1 embedded at the 90 degree side of the scaffold is 

actuated, the actuator shows a pivot motion without any twisting motion from the initial 

position to position 1. By actuating SMA #1 and SMA #2 simultaneously, the actuator 

recovers its initial position with respect to the y direction, and it rotate according to the 

basic “Torsional actuation” mode by rotating from position 2a to position 2b. Therefore, 

the actuator shows “Torsional actuation” mode with a pivot motion (linear movement) in 

the y direction. However, the linear movement in the y direction is still not enough for the 

pivot motion, so to magnify the pivot motion an additional SMA wire was added at the 30 

degree side of scaffold as shown in the last column of Figure 3.6. The SMA actuating 

sequence is modified such that SMA #1 is actuated first, similarly to the “Torsional 

actuation + Change sequence” mode so that it will show a pure bending motion resulting 

in the actuator moving from the initial position to position 1. Afterwards, actuating SMA 

#1, #2 and #3 at the same time will result in a torsion motion with increased linear motion 

towards the other direction, due to the increased actuating force towards SMA #2 and #3. 
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Using this configuration, a torsional motion with a pivot motion is realized. 

By combining these three elements using three different scaffold structures at each 

position within the flipper, a flipper actuator mimicking the turtle’s motion can be 

fabricated as one integrated actuator (Figure 3.2, 3.7). 

 

 

 

 

 

Figure 3.6. Modified torsional actuation mode, changing the SMA actuating sequence 

and adding one more SMA wire. 
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Figure 3.7. SMA and scaffold arrangement (red: symmetric actuation with [30/45/30], 

yellow: symmetric actuation with [60/75/60], green: modified torsional actuation – 

torsional actuation + one SMA with [90/60/30]). (a) Oblique view (b) Front view and 

wiring with Labview controller to control the actuator. 

 

 

 

 

3.4. Performance evaluation of flipper actuator 
 

3.4.1. Experimental set-up 

 
The locomotion of the Chelonia mydas can be categorized into two gaits: the routine gait 

and the vigorous gait [142]. When the Chelonia mydas swims steadily, the turtle forelimb 

trajectory follows an oval shape; this is labeled as the “routine gait”. When the Chelonia 

mydas is frightened, the forelimb trajectory follows a figure-of-eight pattern; this is labeled 
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as the “vigorous gait” [142]. These two swimming gaits were implemented into the flipper 

actuator by controlling the current value profile applied to the SMA wires using a Labview 

control system. The Labview control system uses Labview 2012 (National Instruments, 

USA) to input the current pattern and 9024 & NI 9264 modules (National Instruments, 

USA) to regulate the current. The current input is done using four individual channels 

where each channel is connected to the four different SMA wire (#1 ~ #4), as shown in 

Figure 3.7(b) and Figure 3.8(a). 

The flapping period of the Chelonia mydas is 1.13 s in the routine gait and 0.87 s in the 

vigorous gait [142], so the ratio between the duration of the flapping periods is ~1.3 : 1. 

Due to the required minimum cooling time of the SMA to recover its original stretched 

detwinned martensite phase from the contracted austenite phase, the period of each gait in 

the turtle flipper actuator must be adapted. A period of 4.0 s for the vigorous gait was 

chosen based on the maximum speed at which the flipper actuator can actuate and recover 

and a period of 5.2 s for the routine gait was chosen based on the ratio of the flapping 

periods for the two gaits of the Chelonia mydas. The exact current input profile for both 

gaits was selected based on trial-and-error in order to obtain flipper movements patterns 

corresponding most closely to each gait, and the current patterns are shown in Figure 3.8(b) 

for the routine gait and Figure 3.8(c) for the vigorous gait. 

The force data of the actuator was measured using a Dynamometer (Type 9256C, Type 

5070A, KISTLER Co., Ltd.) with a data acquisition frequency of 100 Hz and the data was 

analyzed using Matlab (MathWorks, Inc.) as shown in Figure 3.9. The position data was 

extracted from a movie clip of the movement of the actuator recorded at 60 frames per 

second using a grid printed on a transparent film. The water temperature used for all 

experiments was in the 17~20℃ range.  
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Figure 3.8. Applied current sequence for actuation of the flipper actuator. (a) Position of 

each SMA wires within the flipper actuator. (b) Current signal applied to each SMA wire 

controlled by Labview system for the routine gait. (c) Current signal applied to each 

SMA wires controlled by Labview system for the vigorous gait. 



 

 55 

 

Figure 3.9. Schematic illustration of the measurement set-up 

 

 

 

 

4.4.2. Locomotion gait  

 
In order to realize the two locomotion gaits, the flipper trajectories of the Chelonia mydas 

in each gait are simplified and then implemented into the actuator as in Figure 3.10. Figure 

3.11(a) shows the simplified flipper trajectory of the Chelonia mydas in the routine gait 

[142] where its trajectory in shown as the red solid line for the upstroke and the blue dotted 

line for the downstroke. The upstroke and downstroke trajectories are inclined toward the 

forward direction and parallel to each other. Also, there is no intersection point between 

the upstroke and downstroke trajectories. The simplified trajectory of the flipper of the 

Chelonia mydas during the routine gait was implemented in the flipper actuator as shown 

in Figure 3.10(a) with the current sequence described previously in Figure 3.8(b) and its 

trajectory is indicated in the Figure 3.11(b). The exact motion of the developed flipper 

actuator is different from that of the Chelonia mydas, but it was still capable of realizing 
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the main characteristics of the simplified trajectory of the Chelonia mydas above. 

Also, to realize the vigorous gait of the Chelonia mydas in the actuator, the flipper 

trajectory of the Chelonia mydas during the vigorous gait [17] is simplified as shown in 

Figure 3.12(a) where the simplified trajectory of the upstroke and downstroke are marked 

as a red line and a blue line. One of the main characteristics of the flipper trajectory during 

the vigorous gait is the intersection of the upstroke and the downstroke similarly to an 

eight-shape motion. The simplified vigorous gait trajectory is implemented in the flipper 

actuator and its motion is shown in Figure 3.10(b) and the current sequence is described 

previously in Figure 3.8(c). The trajectory of the flipper actuator in the vigorous gait is 

indicated in Figure 3.12(b) and this trajectory has an intersection of the upstroke and the 

downstroke similarly to the Chelonia mydas in its vigorous gait. 
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Figure 3.10. Flipper motion at (a) routine gait and (b) vigorous gait. 

 

 

Figure 3.11. Flipper trajectory and thrust in the routine gait. (a) Simplified flipper 

trajectory of Chelonia mydas in the routine gait (modified [142]). (b) Actuating trajectory 

and thrust of flipper actuator in the routine gait. 
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Figure 3.12. Flipper trajectory and thrust in the vigorous gait. (a) Simplified flipper 

trajectory of Chelonia mydas in the vigorous gait (modified [142]). (b) Actuating 

trajectory and thrust of flipper actuator in the vigorous gait.  

 

 

 

3.4.3. Thrust of each locomotion gait 

 
The thrust and lift force generated by the flipper during each gait are measured using the 

apparatus previously detailed and the results are shown in Figure 3.13. To analyze the 

characteristics of the thrust in each locomotion gait, the thrust is indicated together with 

the flipper position in Figure 3.11(b) and 3.12(b) as the yellow arrows which mean the 

magnitude of the generated thrust at each position, and the shaded areas which represent 

the average thrust force at each position. In both the routine and vigorous gaits, a larger 

thrust is produced during the downstroke than the upstroke, and the vigorous gait shows a 

larger thrust than the routine gait during the downstroke. 

To evaluate the characteristics and differences between each gait in further detail, the 

average thrust during one period of flapping of each gait is also measured. However, since 

the differences between the two gaits could be caused by the change in actuation frequency 
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rather than by the change in the flapping trajectory, each gait were also tested with the 

opposite actuation frequency. Thus, the routine gait was also tested at a high frequency 

and the vigorous gait was also tested at a low frequency. This control group is labeled as 

the “Controlled flapping” group while the gaits with their original frequencies are labeled 

as the “Reference flapping” group. Figure 3.14 shows the average thrust during one period 

of flapping for both gaits with each flapping period. In the graph, “Low frequency” refers 

to the calculated frequency in the routine gait of the developed flipper and “High frequency” 

refers to the calculated frequency in the vigorous gait. The results from this experiment 

shows not only that the vigorous gait is capable of producing more thrust at its appropriate 

frequency than the routine gait, but also that both gaits from the Controlled flapping group 

produces less thrust than the Reference flapping group. Therefore, it is shown that the 

thrust produced by this kind flipper is a results of both the flapping trajectory and frequency, 

and not only from the frequency or the flapper trajectory.  

 The average thrust force for the controlled flapping group is 2.15 mN for the routine 

gait and 1.70 mN for the vigorous gait. Therefore, the average thrust of the vigorous gait 

is 26% greater than that of the routine gait, indicating that the vigorous gait is better for 

achieving higher speed and acceleration. Therefore, if the proposed turtle flipper is 

implemented in a robot and this robot needs to suddenly accelerate, then it should change 

not only its frequency, but also its gait of actuation. Similarly to how the Chelonia mydas 

would change gait. 
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Figure 3.13. Thrust and lift force measurement of the flipper actuator. (a) Thrust and lift 

force data in the routine gait. (b) Thrust and lift force data in the vigorous gait [165]. 

 

 



 

 61 

 

Figure 3.14. Comparison of the average thrust between the routine and vigorous gaits 

[165]. 

 

 

3.4.4. Swimming efficiency 

 

 
Since animals can control their buoyancy to maintain their vertical position, the lift force 

generated by underwater animals is an unneeded energy expenditure [145]. Therefore, the 

ratio of the thrust to vertical directional force should be high in a highly energy efficient 

forward locomotion. Figure 3.15 shows the swimming efficiency of the routine and 

vigorous gaits with regards to this measure of efficiency. The thrust was calculated as the 

average thrust generated over one cycle and the vertical directional force was calculated 

by averaging the absolute values of the vertical directional force over one cycle. The same 

four combinations of gait and flapping periods were used as in the previous experiment. 

The controlled flapping sequence, which used a high frequency for the routine gait and a 
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low frequency for the vigorous gait, showed a lower swimming efficiency and little 

difference between the gaits. Similarly to the results previously obtained, the thrust 

efficiency difference between the reference groups and the controlled flapping groups is 

not just because of the frequency, but also because of the combination of the frequency 

with the locomotion gait. Based on these results, we can observe that the most efficient 

pattern of locomotion using the proposed flipper is by using the routine gait in its intended 

low frequency mode. 

 

Figure 3.15. Comparison of the swimming efficiency between the routine and vigorous 

gaits [165]. 

 

Another measure of the swimming efficiency that has been used to evaluate the energy 

efficiency of the locomotion of the Chelonia mydas for different conditions of locomotion 

is the propulsive efficiency [166, 167], which could also be used to evaluate the efficiency 

of the proposed flipper and is described as follows. 



 

 63 

𝜂𝑝 =
Useful power

Total input power
=

Propulsive power generated by thrust force

Mean mechanical input power
                (3.1) 

Therefore, the propulsive efficiency 𝜂𝑝 for the flipper can be calculated as follows. 

𝜂𝑝 =
�̅�𝑥𝑣

�̅�𝑚

                                                                (3.2) 

where �̅�𝑥 is the period-averaged thrust force, 𝑣 is the water flow velocity and �̅�𝑚 is the 

mean mechanical input power of the flipper actuator. The mean mechanical input power 

of the flipper actuator can be calculated as follows. 

�̅�𝑚 =
1

𝑇
∫ �⃗�(𝑡) ∙ �⃗�(𝑡)𝑑𝑡

𝑇

0

=
1

𝑇
(∫ 𝐹𝑥(𝑡)�̇�(𝑡)𝑑𝑡

𝑇

0

+ ∫ 𝐹𝑦(𝑡)�̇�(𝑡)𝑑𝑡
𝑇

0

+ ∫ 𝐹𝑧(𝑡)�̇�(𝑡)𝑑𝑡
𝑇

0

)            (3.3) 

Also, the period-averaged thrust force is calculated as follows. 

�̅�𝑥 =  
1

𝑇
∫ 𝐹𝑥(𝑡) 𝑑𝑡

𝑇

0

                                                       (3.4) 

The propulsive efficiency is a measure of the efficiency of the motion of the flipper in 

terms of propelling the robot forward, and is thus independent of the efficiency of what is 

used to drive the flipper. This helps in evaluating whether the trajectory of the flipper in 

each gait is adequate for producing the target locomotion. Since this is related to the motion 

of the flipper actuator rather than the actuation method, the propulsive efficiency can be 

used to evaluate the characteristics of the locomotion gait generated using the selected 

parameters. Thus, the propulsive efficiency is calculated using equation (3.2) for both gaits 

of locomotion and the results are shown in Figure 3.16 when the water flow velocity is 40 

mm/s. It can be seen from the results that the routine gait has a higher propulsive efficiency. 

The Strouhal number St of each locomotion gait is calculated by  

𝑆𝑡 =
ℎ𝑓

𝑣
                                                                 (3.5) 
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where h is the vertical distance traveled by the tip of the flipper and 𝑓 is the flapping 

frequency of each gait [168]. The calculated Strouhal number St of each locomotion gait 

is 0.36 in the routine gait and 0.49 in the vigorous gait. 

With respect to the robot performance, we can calculate the locomotion efficiency 

according to the electric input power and this measure of efficiency is defined as the 

electric power efficiency 𝜂𝑒. This measures the efficiency of the robot in transforming an 

electric current input into a motion output and thus represents the efficiency of the entire 

flipper system. This can be useful for comparing the efficiency of not only different gaits 

of the flipper, but could also be used for comparison with other robotic turtles. The electric 

power efficiency 𝜂𝑒 can be derived as follows. 

 

𝜂𝑒 =
Useful power

Total input power
=

Propulsive power generated by thrust force

Mean electric input power
=

�̅�𝑥𝑣

�̅�𝑒

   (3.6) 

 

�̅�𝑒 can be derived by the period-averaged electric power consumption of the sum of all 

SMA wires in the flipper actuator. The electric power efficiency is derived for each gaits 

of locomotion and the results are shown in Figure 3.16. These results also show that the 

flipper actuator in the routine gait has a higher electric power efficiency than in the 

vigorous gait. This means that the routine gait of locomotion of the flipper actuator can 

generate propulsive power more efficiently for the same electric power consumption. 

Three different methods for calculating the swimming efficiency were proposed and the 

routine gait has a higher swimming efficiency than the vigorous gait according to all three 

types of efficiency. However, as shown previously, the average thrust is higher in the 

vigorous gait. This indicates that although it is more efficient to use the robot in the routine 

gait, it would be preferable to use the vigorous gait in situations where the robot must 

increase its speed suddenly rather than conserve energy. This is similar to the Chelonia 

mydas which generally uses the oval flipper pattern for general locomotion and the eight-
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shaped flipper pattern when it must accelerate suddenly, such as to avoid danger.  

 

Figure 3.16. Comparison of the swimming efficiency and electric power efficiency 

between the routine and vigorous gaits [165]. 

 

 

 

3.5. Turtle robot implementation 
 

3.5.1. Turtle robot platform design 

 
To evaluate the effect of each locomotion gait on the locomotion of the turtle robot, 

experiments using the turtle robot platform in both the routine gait and the vigorous gait 

were conducted. The robot body size is 260 x 290 x 70 mm, its weight is 588 g and the 

robot is controlled using wireless feed forward control. The body of the robot was 

fabricated from ABS (ABS P-400, Stratasys Co., Ltd.) by 3D printing (Dimension SST 

768, Stratasys Co., Ltd.). A waterproof box with a size of 71 x 52 x 45 mm is used to house 

the controller and is installed as in Figure 3.17. The controller has 8 current channel (4 

channel for each flipper actuator), a Bluetooth antenna and a controller power switch. Two 
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3.7 V, 1050mAh lithium polymer battery (Exa AL503759E-15C) are used as the power 

source for the flippers and one 3.7 V 450mAh lithium polymer battery (PSE H601748-

PCM) as the power source for the controller were installed in the waterproof box. The 

control board is designed with STM32F10xxx for the micro controller and the Bluetooth 

module is used for wireless communication. 

To measure the speed of the turtle robot, a video clip recorded from above the robot is 

used. The experiment was conducted in a swimming pool where the body of the turtle 

robot was not fully submerged, but enough to fully submerge the flipper actuators during 

locomotion. Also, the stability of the turtle robot due to the vertical directional force was 

not considered during the experiments, therefore the experimental results of the turtle robot 

are different from the experiments using only the flipper actuator at a fixed position. 

 

 

 

 

 

Figure 3.17. Controller for the turtle robot. (a) Isotropic view of the waterproof box. (b) 

Components housed in the waterproof box. 
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3.5.2. Turtle robot performance evaluation 

 
Both the routine gait and vigorous gait were implemented into the turtle robot using two 

flipper actuators whose construction is identical apart from being mirrored. The applied 

current sequence to each SMA wires for each locomotion gait is programmed in the control 

board which is installed inside of the turtle robot and the gait and direction of the robot can 

be triggered using the Bluetooth signal. The average speeds in each locomotion gaits of 

the turtle robot are calculated by measured required time to move a distance of 300 mm in 

water. The results of average speed measurements indicated a speed of 7.4 mm/s (= 300 

mm / 40.3 s) in the routine gait and 11.5 mm/s (= 300 mm / 26.1 s) in the vigorous gait, as 

shown in Figure 3.18. Thus, a ~55% velocity increase was seen in the vigorous gait, which 

corresponds to the results obtained previously. 

 

 

 

 

Figure 3.18. Swimming speeds of turtle robot in routine and vigorous gaits. 
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3.6. Summary 
 

In this study, a biomimetic turtle flipper using an SSC structure divided into multiple 

segments whose individual configuration was chosen based on a biological analysis of the 

movement of the different sections of the flipper of the Chelonia mydas. This novel flipper 

concept for a turtle robot can mimic the continuous deformation of the forelimb throughout 

the flapping motion and can also be used to produce the motion that corresponds to two 

different gaits of the Chelonia mydas. Based on actuation patterns of the multiple 

embedded SMA wires and of the configuration of the embedded scaffold, two distinct 

complex motions were achieved using a single flipper, which is a capability that has not 

been realized using other SMA-based actuators or smart material-based soft actuators. 

These two gaits were implemented as two flipper trajectories with corresponding 

actuation frequencies, and the generated thrust and the swimming efficiency were analyzed. 

Results show that the robotic flipper demonstrates numerous similarities with the 

biological Chelonia mydas, and also that the developed robotic flippers should use each 

gait at different frequencies for different purposes. Thus, similarly to the Chelonia mydas, 

the robotic flipper should use the routine gait at lower frequencies for efficient swimming 

and the vigorous gait at higher frequencies for faster swimming. The two swimming gaits 

of the Chelonia mydas were then implemented in the turtle robot and the average speed of 

each gait were tested, with the vigorous gait being capable of reaching a higher speed. 

Although SMA wires requires relatively large electric power consumption for actuation, 

the use of SMA wires allows for the entire actuation system to be constrained within the 

structure of the flipper and their small size allows the implementation of the multiple SMA 

wires that were necessary to produce the two distinct motions of the gait of the Chelonia 

mydas in a biomimetic robot. Also, the principles used to develop the actuators in this 

work can also be used for other types of wire actuators such as tendon-based soft actuators, 
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and could be used to develop a new generation of turtle robots who can change gait by 

changing both their flipper trajectories and their frequencies to optimize their swimming 

characteristics to situational goals. Furthermore, this design approach could be used to gain 

a deeper approach into the characteristics of the locomotion of turtles because it is capable 

of realizing the continuous deformation of the robotic flipper with an in-line motion of the 

flipper combined with a twisting motion seen in the flippers of Chelonia mydas which 

couldn’t be implemented in previous robots. Future work will focus on expanding on the 

developed results to determine what the tipping points for changing gait are and what the 

characteristics that influence this tipping point are. 
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Chapter 4. High-speed actuation with large deformation 
 

 

4.1. Overview 
 

SMA processes have been widely used in bending actuators because of their advantages 

such as high power density and light weight. However, despite these advantages, bending 

actuators developed using SMA processes suffer from the major limitation of slow 

actuating speeds, compared with other bending actuators using different smart materials.  

The main limiting factor to increase actuating speed of SMA was the heating and cooling 

speed of the SMA [169], so various techniques have been investigated for improving the 

cooling speed of the SMA itself such as forced air convection [170], the use of a heat sink 

[12], cooling using a water channel [171] and a heat pump [172]. Other types of systems 

have also been proposed to increase their actuation speed such as optimization of the 

applied current [173], improved controller design [174] and segmented SMA control [175]. 

The major methods for efficient cooling are described in the Figure 4.1. However, most of 

the proposed cooling methods require bulky systems and are still not able to increase 

actuation speeds sufficiently. This chapter introduces an actuator capable of high-speed 

actuation using a simple system without an additional bulky cooling system or complex 

control methods. Its performance was evaluated, depending on its structure characteristics, 

and it was used in a biomimetic robot requiring fast motion as an example application. 
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Figure 4.1 Cooling mechanism to improve actuating speed of SMA wire [12, 173, 175, 

176].  

 

 

4.2. Design of high-speed actuator 
 

The proposed actuator is a structure comprised of multiple SMA wires embedded in a 

polydimethylsiloxane (PDMS) matrix along the length of the actuator at positive and 

negative eccentricity with an acrylonitrile butadiene styrene (ABS) scaffold structure 

embedded at the center. PDMS is thermally stable throughout the entire range of 

temperature during actuation of the SMA wires and presents good thermomechanical 

properties that make it suitable for use in soft actuators even though it, and many other 

polymers, is not the best choice of material to optimize cooling conditions. The SMA wires 

on one side of the matrix are actuated to bend the matrix towards that side, and the SMA 

wires on the other side of the matrix are actuated to bend the matrix towards the other side. 

Other types of bending actuators, such as IPMC or PZT actuators have made use of 

resonant amplification to realize large deformations at high speeds, but this type of strategy 
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has not been tested on SMA-based bending actuators. The present work uses an SMA-

based bending actuator where the actuation frequency corresponds to the resonant 

frequency of the actuator. However, since SMA wires actuate by phase transformation 

between the martensite and austenite states through changes in temperature, the actuator‘s 

actuation speed is limited by the time required for changing temperature. Since SMA wires 

can be heated rapidly by Joule heating but cooling has to be done through convection or 

conduction, the cooling time is the main limiting factor. In order to increase the cooling 

speed of SMA wire to make use of resonant amplification of the actuator, the actuator is 

designed using multiple SMA wires with a small diameter rather than a single thick SMA 

wire (Figure 4.2(a)). This is due to the total force generated by SMA wires being 

proportional to the cross-sectional area of the wires but cooling rate being proportional to 

the surface area of the wires. Therefore, using multiple smaller wires with the same total 

cross-sectional area results in the same actuation force with an increased rate of cooling.  

Furthermore, this actuator design facilitates the use of multiple small diameter SMA 

wires versus external actuation since all SMA wires have to be aligned precisely to 

facilitate the transfer of the contracting force to the structure and also, since SMA wires 

break easily at small diameters, the SMA wires within the matrix are protected from 

external forces that could damage them or lower their durability as in Figure 4.3. Their 

alignment can also be set at a fixed distance between each SMA wires to optimize the 

cooling rate. 

In order to be able to vary the actuating characteristics of the actuator, a scaffold structure 

is embedded in the matrix whose configuration can be changed without making any other 

changes in the configuration of the actuator. The scaffold structure is fabricated using a 

3D printer for ease of design and manufacturing. Two scaffold structure design strategies 

are presented in this work: the first allows changing of the natural frequency of the actuator, 
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and the second allows the actuator to realize a bend-twist motion. To change the natural 

frequency of the actuator, the spacing of the elements in the scaffold structure can be 

modified, two configurations are tested in this work where one has a large filament gap 

between scaffold structure elements and the other a small filament gap, as shown in Figure 

4.4(a) and (b). These two configurations have the same ply angle combination of [0/90/0] 

and the distance between each filament is only changed in the first and third layers to 

change only the longitudinal stiffness of the actuator. To realize a bend-twist coupled 

motion, anisotropic properties are added to the scaffold structure by varying the angle of 

the layers of the scaffold structure. To realize a symmetric bend-twist motion, where the 

motion is the same whether the upper or lower set of SMA wires are actuated, a symmetric 

angle ply combination such as [θ1 / θ2 / θ1] is used. In this work, an actuator with θ1 and θ2 

equal to 30° and 45°, respectively, is built and tested, as shown in Figure 4.4(c).  

 

Figure 4.2. Design of the actuator. (a) Comparison of designs with one large SMA wire 

or multiple small SMA wires, (b) fabrication by 3D printing and casting process, (c) 

complete actuator. 
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Figure 4.3. Comparison of the actuator design. (a) Limitation of the actuator with 

attached SMA wire. (b) Advantage of the actuator with embedded SMA wires. 

 

 

 

 

 

 

Figure 4.4. Design of the scaffold structure (a) Orthogonal scaffold structure with large 

filament gap, (b) orthogonal scaffold structure with small filament gap and (c) 

anisotropic scaffold structure. 
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4.3. Actuating characteristics of high-speed actuator 
 

4.3.1. Actuator length and actuating frequency 

 

The actuator’s length and its deformation magnitude are closely related since the 

deformation of the actuator is larger at a fixed radius of curvature for a longer actuator 

length. However, for high speed actuation, this might not be the case due to interaction 

with its environment and due to the decreased natural frequency associated with a longer 

length of the actuator. Furthermore, since the temperature and the deformation are coupled 

rather than the voltage and the deformation, the cooling time might have an effect on the 

maximum actuation angle. To verify these relations, experiments are conducted to measure 

the relation between the actuator’s length and its actuation frequency as in Figure 4.5. 

The length of the actuator where the embedded scaffold structure has a large filament 

gap was varied in increments of 2 mm for actuation frequencies of 10, 15 and 20 Hz, and 

the maximum tip deformation and maximum flapping angle at each lengths were measured 

as in Figure 4.5(a). For each frequency, there are noticeable peaks in both the maximum 

tip deformation and flapping angle at specific actuator lengths. This shows that different 

actuation frequencies require different actuator lengths to obtain the largest deformation 

and that since the deformation is increased significantly at specific lengths, it can be 

assumed that the resonance is the main influence behind this behavior.  

It can also be seen that as the actuator length gets closer to the actuator length with a 

resonant frequency corresponding to the actuation speed, which is where the largest 

deformation can be observed, the error in data increases significantly and then diminishes 

nearly entirely at this actuator length. These characteristics correspond to those observed 

in the beating phenomenon and are another evidence that the actuating characteristics are 

influenced significantly by the resonance. This is shown more clearly in Figure. 4.5 (b)-(d) 

where the maximum tip deformation and flapping angles for multiple cycles at 15 Hz are 
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shown for lengths of 26 mm, which shows the highest deformation, and 28 mm which 

shows the largest error. In the actuator with actuator with a length of 26 mm, it can be seen 

that the actuator has a steady actuating performance. However, although it has a longer 

length, the actuator with a length of 28 mm shows a smaller average and maximum 

deformation, and also displayed large fluctuations corresponding to the beating 

phenomenon. Based on these phenomenon, the developed actuator can realize large 

deformation in fast actuating speed compared to the previous SMA based bending actuator 

as in Figure 4.6. 

Since the resonance appears to be one of the main factors to determine the performance 

of the actuator, its motion can be described as a forced vibration system. Furthermore, 

since the deformation of the actuator shows a steady bending performance instead of 

increasing continuously to larger values, it can be described as a damped system. The 

behavior shown by the actuator is similar to that of a 1-DOF damped harmonic oscillator 

where the actuator starts with a small deformation and increases until the amplitude is 

limited by the damping force of the actuator. This actuation behavior is different from other 

SMA-based bending actuators where current is applied until the maximum actuation 

deformation at each cycle. 
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Figure 4.5. Actuating performance of actuator according to the actuator length. (a) 

Actuator maximum tip deformation and flapping angle for different actuation frequencies 

and actuation lengths. (b) Tip deformation and (c) flapping angle of the actuator with a 

length of 26 mm at 15Hz. (d) Tip deformation and (e) flapping angle at a length of 28 

mm [177]. 
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Figure 4.6. Comparison of the performance of the bending actuator with SMA, IPMC 

and PZT  

 

 

 

4.3.2. Modal analysis of actuator 

 
For verification of the previously obtained results, the natural frequency of the actuator 

can also be measured directly from experimental modal analysis using an electromagnetic 

shaker. Experiments were conducted for actuators with lengths of 20, 26 and 38 mm where 

the scaffold structure has a large filament gap, which corresponds to the actuator lengths 

with the highest maximum deformations for actuation speeds of 10, 15 and 20 Hz as found 

previously. The tip displacements for the three different lengths of the actuators are 

measured by varying the input frequencies. Modal analysis is done only for the first mode 

since the intended actuating motion of the actuator is that corresponding to this mode. 
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Figure 4.7 shows that natural frequencies of the actuators with lengths of 20, 26 and 38 

mm are resulted in 8.5, 12 and 16.5 Hz, respectively. This differs slightly from the resonant 

frequencies found through actuation of the actuator, which can be explained by the 

difference in phase of SMA wires. During actuation, the SMA wires are heated and cooled 

repeatedly, such that the SMA wires can either be fully or partially in the austenite state 

which has a higher stiffness than the stiffness of the martensite state. However, the SMA 

wires should not be activated during the modal analysis since actuating the SMA wires 

would results in movements of the actuator not related to vibration from the exciter, such 

that the SMA has to be in the fully martensite state resulting in a slightly lower stiffness 

than during actuation. Although the resonant frequency of actuator during actuation is 

slightly higher than the natural frequency measured in the modal analysis, this experiment 

gives a good approximation of the natural frequency of the actuator during actuation. 

 

 

Figure 4.7. Resonance characteristics for actuators with lengths of 20, 26 and 38 mm 

using an electromagnetic shaker [177]. 
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4.4. Long-term actuation 
 

4.4.1. Experiment for the heat convection coefficient 

 
An actuator using SMA is influenced primarily by the temperature of the structure 

because the SMA can only be actuated when it is heated. The thermal energy supplied to 

the SMA can accumulate while it is actuated, so the performance of actuator may be 

degraded. Thus, the expected temperature of the actuator is important for long-term 

actuation performance. 

The heat convection coefficient must be determined to derive a model for the predicted 

surface temperature of the actuator. When the actuator is actuated, the convection 

conditions are those of forced convection. However, it is difficult to apply the bending 

deformation of an actuator to existing models for predicting surface temperatures in 

conditions of forced convection. Therefore, the forced convection coefficient was 

measured in similar actuating conditions. The optimal way to measure the convection 

coefficient of an actuator would be to directly measure the temperature in the actuator, but 

the actuator will not actuate appropriately under such circumstances due to interference by 

the thermocouples. Therefore, instead of using the actuator directly, a PDMS block with a 

copper layer was fabricated for measurements. The lower side of the copper layer included 

a Nichrome wire for heating the copper layer. The PDMS block was installed at the modal 

exciter, to make it move similarly to the actuator (Figure 4.8). To match the conditions of 

convection, the displacement of the PDMS block was matched using a laser sensor and 

regulated by the amplifier of the modal exciter. The actuating frequency was also matched 

with the actuating conditions: 10 Hz in this experiment. Two thermocouples were placed, 

one on the copper layer and the other on the surface of the PDMS block, and temperatures 

were measured while the PDMS block vibrated (Figure 4.9). 
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Figure 4.8. Experimental set-up for measurement of convection coefficient while 

actuation. 

 

 

 

Figure 4.9. Cross-section of PDMS composite beam structure for heat convection 

measurement. 

 

 

From the measured temperature of the experiment in Figure 4.8, transferred heat flux 

q  from the heated copper to PDMS surface via conduction can be calculated as  

 2 copper PDMSk T T
q

t


                         (4.1) 

where Tcopper is the temperature of copper surface, TPDMS is the temperature of PDMS 
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surface, T∞ is the ambient air temperature, t is the thickness of structure, k is thermal 

conductivity of PDMS. 

Transferred heat flux from PDMS surface to ambient air via convection is  

 PDMSq h T T
                             (4.2) 

where h is convection coefficient. 

By combining equation (4.1) and (4.2), 

 
 
 

2 copper PDMS

PDMS

k T T
h d

T T




                        (4.3) 

where d is bending displacement. 

From the basic equations of the follows [178], 

Nuk
h

b
                              (4.4)  

1/3Re Pr
m

Nu c                           (4.5) 

 Re
ub


                              (4.6) 

 
2

1 /

d
u

f
                              (4.7)  

where ℎ̅ is average heat convection coefficient, 𝑁𝑢̅̅ ̅̅  is average Nusselt number, 

Re̅̅ ̅ is average Reynolds number, Pr is Prandtl number of air, 𝑏 is actuator 

width, 𝑣 is kinematic viscosity of air, 𝑑 is the bending displacement of beam 

structure, �̅� is average moving speed of beam structure, 𝑓 is vibrating 

frequency of beam structure, 𝑘 is thermal conductivity of air and 𝑐,  𝑚 are 

constant values. 
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From equation (4.4) and (4.5), 

 
1/3

1

Re Pr
Re

m
mNuk c k
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b b

   , 

1/3

1

Prc k
c

b
            (4.8) 

where c1 is assumed as constant value. 

The constant 𝑐1 and m can be obtained by data fitting from the measured data 

using equation (4.3). The Re̅̅ ̅ can be converted from the bending displacement by 

equation (4.6) and (4.7). The fitted value of c1 and m are shown in Figure 4.10.  

Therefore, convection coefficient can be the function of the bending displacement 

of the beam structure as 

  2

mh d c d ,   2 1

2
m

fb
c c

v

 
  

 
                (4.9) 

where c2 is constant value.  

Therefore, convection coefficient at 10 Hz actuation is 

  0.059636.24h d d                       (4.10) 
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Figure 4.10. Relationship between Reynolds number and convection coefficient using 

data fitting. 

 

 

4.4.2. Prediction model for surface temperature 

 

The surface temperature of the actuator can be calculated using equation (4.10), 

derived in the previous section. To calculate the heat flux generated from the SMA 

wires, it was assumed that the total applied electrical energy was converted to 

thermal energy. Therefore, the average heat flux q  can be calculated as  

 

2

22 2 2

q pI R
q

A r r 
  

                       (4.11) 

where 𝑝 is proportion of applied current period, 𝐼 is applied current per one 

SMA wire, 𝑅 is the resistance of one SMA wire, 𝑟 is the radius of SMA wire 

ℓ is the length of SMA wire, 𝐴 is the surface area of SMA wire. 

The expected surface temperature of the actuator was analyzed using finite element 
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analysis (FEM) in a transient state (ANSYS Workbench: a transient heat transfer 

model using equations (4.10) and (4.11) and its result is shown at Figure 4.11. 

 

 

Figure 4.11. Surface temperature of actuator and prediction model. 

 

To calculate the surface temperature in a steady state using a simplified analytical 

model, the heat transfer model of the actuator was simplified (Figure 4.12). 

According to the simplified heat transfer model, the heat flux q  can be 

calculated as   

2

( )
2

total
s

q pnI R
q h T T

A b


                   (4.12) 

 where n is the total number of SMA wires. From the equation (4.12), The surface 

temperature Ts is 54.6 ℃.  
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Figure 4.12. Schematic diagram of simplified model of actuator for heat transfer model. 

 

 

 

 

4.4.3. Actuating characteristics in long-term actuation 

 
The temperature and deformation of the actuator were measured when it was actuated for 

3 min to test actuating performance. Temperature was measured with a thermal camera to 

avoid any interference. Deformation was measured with a laser sensor, instead of a high-

speed camera, to log long-term data. Figure 4.13 presents the results of actuation for 3 min. 

The actuator exhibited uniform deformation over the whole actuation period. The surface 

temperature of the actuator reached ~56°C, similar to the expected temperature of 54.6°C 

from the analytical model in section 4.4.2. 
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Figure 4.13. Deformation and surface temperature in 180 second actuation. 

 

 

4.5. Scaffold design for tailoring of actuation characteristics  
 

One of the principal advantage of SSC actuators is that it is possible to change the 

actuation characteristics of the actuator by changing the scaffold structure. Without making 

any changes to the configuration of the SMA wires, the material of the matrix or in the 

manufacturing method, it is possible to change the overall properties of the actuator by 

changing only the ply combination of scaffold structure and therefore change its actuation 

characteristics. This section will show how the design of the scaffold structure can be 

modified to change the actuation characteristics of the actuator. 

 

 



 

 88 

4.5.1. Actuator natural frequency design 

 
Previous experiments showed that, with a fixed scaffold structure design, the actuating 

length of the actuator can influence to the deformation magnitude and the actuator shows 

its highest deformation when it matches to the natural frequency of the actuator with that 

of the intended actuating speed. In this experiment, the stiffness of actuator is changed by 

changing the design of the scaffold structure of the actuator and comparing the actuating 

characteristics of different scaffold structure designs. Two different scaffold structures 

configurations are tested in this work, which are those shown previously in Figure 4.4(a) 

and (b) where one has a large filament gap of 400% the width of the scaffold structure 

filament between filaments in the first and third layers and the other a small filament gap 

of 200%. The actuator with a large filament gap thus contains less ABS and has a lower 

stiffness than the actuator with a small filament gap, which should be helpful in realizing 

large deformation at small sizes for a specific actuation frequency range. However, as the 

actuation frequency is increased, the actuator length required to match the natural 

frequency becomes shorter, which reduces the active length of the SMA wire in the 

actuator available to produce deformations. Due to this conflict, it can be assumed that 

there is a specific frequency range for the stiffness of each scaffold structure to realize 

large deformation for small size actuators. 

Therefore, to compare the actuating characteristics of the two scaffold structure designs, 

the length of each actuator where the resonant frequency of the actuator corresponds to 

actuating speeds of 10, 15, 20, 25, 30 and 35 Hz are obtained as previously done. The 

results of this experiment are shown in Figure 4.14(a). The maximum tested actuation 

frequency of the actuator with a large filament gap is 25 Hz because the tip deformation 

became very small at actuation frequencies above 25 Hz. As predicted, the actuator with a 

small filament gap shows a longer length of the actuator to match the resonant frequency 
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of the actuator with the actuation speed across all tested frequencies, which results in larger 

maximum tip deformations.  

However, in certain applications there is a need for maximum performance over a 

specific length, in which case the maximum tip deformation per length becomes a critical 

parameter. The measured data is shown in Figure 4.14(b) in terms of the maximum tip 

deformation per actuator length. These results show that the actuator with a large filament 

gap has a higher deformation per length at frequencies at or below 20 Hz while above 20 

Hz the actuator with a small filament gap actuator performs better. These results show that 

different scaffold structure designs perform better for different parameters, and that there 

is no single best design. Therefore, the selection of the filament gap of the scaffold 

structure will depend on multiple parameters depending on the target application and its 

requirements. 
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Figure 4.14. Actuating performance according to the scaffold structure deign [177]. (a) 

Actuating speed and maximum tip deformation for both scaffold structure designs. (b) 

Actuation speed and maximum tip deformation per actuator length for both scaffold 



 

 91 

structure designs. (c) Comparison of calculated and measured values for both scaffold 

structure designs. 

 

 

4.5.2. Modeling of Actuation frequency based on filament gap 
 

Predicting the actuator’s required actuator length for a specific scaffold structure design 

is important in order to match the target actuator length and the required deformation for 

the intended application. 

As shown in Figure 4.4, the natural frequency of the actuator can be controlled through 

the design of the configuration of the filament gap, so there is a need to calculate the 

required actuator length at a specific actuation frequency. In this research, classical 

laminate theory and the beam vibration model are used to predict the resonant frequency 

for different actuators lengths and for each filament gap designs. 

The actuator has a clamping section for the wiring which is attached at the end of the 

actuator with a mass m of 1.3 g. The mass of the clamping section is concentrated at the 

tip of the SMA wires, so it can be simplified as a point mass. Therefore, the actuator can 

be described as a cantilever beam with an end mass m, an actuator length l, actuator mass 

density ρ, actuator width b, actuator thickness t and a natural frequency f with the following 

relations60: 
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                (4.13)  

Eeff is effective bending modulus of actuator, and its calculation is as follows. 

The material properties of the SMA used in this paper shown in table 4.1. The properties 

from the PDMS-scaffold structure for the large filament gap and the small filament gap 

scaffold structure designs along with the PDMS properties are shown in table 4.2. The 
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Young’s modulus (EPDMS) and Poisson ratio (νPDMS) of PDMS are obtained from other 

literature [179, 180] while the Young’s modulus and Poisson’s ratio of the different 

PDMS- scaffold structure composite layers are obtained from a uniaxial tension test using 

a tensile testing machine (5948 Microtester, Instron, US). For this experiment, the 

specimens with longitudinal [0°]8 and transverse [90°]8 direction filaments with 400% and 

200% filament gaps are prepared and tested according to the ASTM D3039/D3039M-14 

standard. The state of the SMA wires alternates between the martensite and austenite states, 

it is therefore assumed that the SMA wires have an average stiffness between that of the 

fully martensite state and the fully austenite state for the calculations. 

 

 

Figure 4.15. Laminate configuration of the SSC structure. 

 

 
The lamina composition of the actuator is shown in Figure 4.15. Layers k = 1 and 7 

consists of only PDMS and the layers k = 2 and 6 are PDMS-SMA wire composites. The 
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layers k = 3, 4, 5 are PDMS-scaffold structure composites so each layers in k = 3, 4, 5 

correspond to the 1st, 2nd, 3rd layers of scaffold structure. From classical laminate theory, 

the stiffness matrix of the actuator composed of the ABD parameter matrix can be 

represented as shown in equation (2.15) and calculated as shown in equation (2.16). 

Both of the actuators with large filament gap and small filament gap scaffold structures 

have a symmetric crossply laminate configuration such that the coupling stiffness B 

becomes 0, the equation can thus be simplified as follows: 
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Furthermore, the actuated only actuates by bending in the x direction such that:  

0y xy  
                       (4.16) 

Then, from equation (4.15) and (4.16), 

11x xM D                         (4.17) 

11x xM M b D b                       (4.18)  

Where b is the width of actuator. In an isotropic beam under an applied bending moment 

M, the equation of motion is given by: 

xM EI
                          (4.19) 

Therefore, from equation (4.18) and (4.19), the effective bending modulus of actuator 

effE
 is derived as 
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where h is the thickness of the actuator.  

To verify the validity of the model presented above, the bending stiffness of the actuator 

was measured using a three-point loading test according to the ASTM D 790-03 standard 

test method using a tensile testing machine (5948 MicroTester, Instron, US). The measured 

results show that the actuator with large filament gap has a bending stiffness of 0.292 

mNm2 and the actuator with small filament gap a bending stiffness of 0.435 mNm2. These 

values are very close with those calulcated using the proposed model whose bending 

stiffness were 0.278 mNm2 for the actuator with a large filament gap and 0.418 mNm2 

for the actuator with a small filament gap when the SMA is fully in martensite phase. 

Therefore, the model is able to predict the actual bending stiffness of the actuator including 

the scaffold structure with a margin of error of 5% for the tested configurations. However, 

it is only possible to measure the bending stiffness when the SMA wires are not actuated 

due to this causing deflection of the beam. However, it is assumed that the stiffness of 

SMA wires have an average value between the martensite and austenite phases, thus the 

calculated bending stiffness of the actuator using equation (4.20) is 0.378 mNm2 for the 

actuator with large a filament gap and 0.518 mNm2 for the actuator with a small filament 

gap, which is slightly higher than the non-actuated actuator. 

The results are then compared with the previously obtained results as shown in Figure 

4.14(c). The measured value is the actuator length which shows the highest maximum tip 

deformation at a given actuation frequency and applying the formula for a range of values 

allows to obtain the relationship between the actuator length and the natural frequency of 

the actuator. Although the model will need to be improved in order to predict the length 

and natural frequency of the actuator, the trends of the numerical model and of the 

experimental results are in agreement.  
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Table 4.1. SMA material property 

Parameter Specification Unit Value 

EM Young's modulus, Martensite phase GPa 28 

EA Young's modulus, Austenite phase GPa 75 

As Austenite start temperature K 351 

Af Austenite finish temperature K 341 

GM Shear modulus, Martensite phase GPa 10.56 

GA Shear modulus, Austenite phase GPa 28.20 

νs Poisson ratio ― 0.33 

 

 

Table 4.2. Composite material property 

Parameter Specification Unit Value 

EPDMS Young’s modulus of PDMS MPa 1.32 

PDMS Poisson’s ratio of PDMS ― 0.45 

E1_s Young’s modulus in longitudinal direction of PDMS 

–small filament gap scaffold structure composite  
MPa 420.8 

E2_s Young’s modulus in transverse direction of PDMS-

small filament gap scaffold structure composite 
MPa 1.403 

12_s Poisson’s ratio of PDMS-small filament gap scaffold 

structure composite 
― 0.37 

E1_l Young’s modulus in longitudinal direction of PDMS 

– large filament gap scaffold structure composite  
MPa 214.0 

E2_l Young’s modulus in transverse direction of PDMS-

large filament gap scaffold structure composite 
MPa 1.381 

12_l Poisson’s ratio of PDMS-large filament gap scaffold 

structure composite 
― 0.41 
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4.5.3. Bend-twist coupled mode design 

 
In addition to being able to adjust the natural frequencies through the filament gap design 

in the orthotropic ply configuration, the configuration of the scaffold structure of the 

actuator can be modified to give it anisotropic properties, and thus produce a combined 

bending and twisting deformation. The scaffold structures used in this work have three 

layers and their orientation were previously in the [0/90/0] orientation, which does not give 

any bend-twist coupling. In this experiment the scaffold structure configuration was 

changed to [30/45/30], which gives the actuator bend-twist coupling resulting from its 

anisotropic properties. This actuator was tested at 10 Hz and an actuating length of 26 mm 

was determined to match the natural frequency of the actuator at this actuation frequency. 

Results for a complete cycle during 0.1 s showing the tip deformation and twisting angle 

of this actuator at this frequency is shown in Figure 4.16. Results show that this actuator 

produces large bending deformations that are coupled with a large twisting deformation. 
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Figure 4.16. Bending-twisting coupled mode of actuation. (a) Photographs showing the 

bending-twisting coupled behavior of an actuator with a [30/45/30] scaffold structure at 

an actuation speed of 10 Hz. (b) Tip deformation and twisting angle of the bending-

twisting coupled mode actuator at an actuation speed of 10 Hz. 

 

 

 

4.6. Actuator deformation control  
 

The deformation of the actuator can be varied by changing the current applied to the 

SMA wire without any effect on the actuation stability and on the natural frequency of the 

actuator. To verify this an experiment was conducted for an actuator with a length 56 mm, 

a small filament gap and using a fixed frequency of 10 Hz while the range of bending 

deformations were measured for applied currents ranging from 1.2 to 2.8 A. As the applied 
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current to the SMA wire increased, the maximum tip deformation and maximum flapping 

angle are increased as shown in Figure 4.17(a). The error remains constantly small for all 

applied currents, which shows that the deformation of the actuator can be controlled 

independently of the frequency of the actuator. This is in contrast with the length of the 

actuator where the actuation speed and natural frequency of the actuator need to be 

matched to obtain a stable actuation pattern. 

The deformation can also be controlled such that the actuator bends more towards one 

direction than the other by applying a different current for each direction of actuation. This 

was tested using the configuration of the previous experiment for different applied currents 

of 1.2 A, 2.0 A, 3.8 A with different combinations of these applied currents of the left and 

right sides. The results of this experiment are shown in Figure 4.17(b). If the same 

magnitude of current I0 is applied to the both left and right side of SMA wires (L, R: I0), 

the actuator shows a symmetrical large tip deformation and flapping angle in both 

directions. However, when a smaller current of 2.0 A is applied to the left side and a current 

of 3.8 A is maintained to the right side (L: I1/R: I0), then right side shows a larger 

deformation than the left side. If the smaller current is further decreased to 1.2 A (L: I2/R: 

I0), then the difference in bending amplitude between the left and right deformations is 

further increased. It is to be mentioned that there is a reduction in bending amplitude even 

on the side where the applied current is maintained at the higher current, but that it is much 

smaller than on the other side such that this represents a viable strategy to produce an 

asymmetric deformation. Similar results were also obtained for inversed current input for 

the left side. This shows that the current can be used to control both the bending amplitude 

and to introduce an imbalance in bending amplitude between both sides of the actuator. 
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Figure 4.17. Control of the amplitude of deformation. (a) Control of the amplitude by 

changing the applied current and (b) asymmetric bending deformations using asymmetric 

applied current. 
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4.7. Payload effect on the actuator performance 
 

In order to see the effect of a payload on the actuator performance, the maximum tip 

deformation and maximum flapping angle were measured for different loads applied at the 

tip of the actuator. The weight was attached directly at the tip of the actuator and the 

actuator length that corresponds to a resonant frequency of 10 Hz was obtained 

experimentally, and the experiment was repeated for payload weights ranging 0.3 g to 3.0 

g. As the payload is increased, the actuator length corresponding to a natural frequency of 

10 Hz decreases as shown in Figure 4.18(a). This is due to the natural frequency of the 

actuator changing due to the added mass, so the expected actuator length correspond to the 

resonance can be calculated using the modified equation (4.13) for a different payload 

mass ml as follows. 

  
 

4 3

2

3
0.235

2

eff

l

E I
bt m m

f



                  (4.21) 

The results of this model for the tested actuator to obtain a natural frequency of 10 Hz 

with different payload masses is also shown Figure 4.18(a). The results for the maximum 

tip deformation and flapping angle is shown in Figure 4.18(b) where it can be seen that the 

tip deformation decreases steadily while the flapping angle stays constant until a payload 

mass of 1.2 g and then diminishes. These results show that the payload mass has an effect 

on the actuation properties, but that the design is able to perform well even with a non-

significant payload mass and that it is possible to predict the effect of this added mass on 

the natural frequency of the actuator. 
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Figure 4.18. Effect of a payload tip mass on the performance of the actuator. (a) Effect on 

the actuator length required for a natural frequency of 10 Hz and (b) on the maximum tip 

deformation and flapping angle. 
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4.8. Variable actuating speed with stiffness change 
 

4.8.1. Design of stiffness control part 

 
The previous section described the design of the natural frequency of the actuator using 

a scaffold structure embedded within the actuator. It is not possible to change the resonance 

characteristics while it is actuated, so a stiffness control mechanism can be used to change 

the stiffness of the actuator in real time. Figure 4.19 presents the stiffness control part and 

its configuration. The stiffness control part also consisted of SMA wires, but this part does 

not change its dimensions, only its stiffness. When the SMA is in an austenite phase above 

the austenite temperature, Young’s modulus is 75 GPa; this value is 2.5 times higher than 

the Young’s modulus of the martensite phase. Thus, the resonance characteristics can be 

controlled in real time, depending on the temperature of the stiffness control part. 

 

 

 

Figure 4.19. Schematic diagram of stiffness control part with actuator and its material 

property. 
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4.8.2 Stiffness control of SMA  

 
To control the stiffness of stiffness control part, the model for feedback control of SMA 

wire is required. The SMA electric resistance is changed depends on the SMA volume 

fraction as the following equation [181].  

0 0 0( )A M A M A       
                  (4.22) 

where  is the SMA martensite volume fraction, 
0

A  is SMA electric resistance in 

austenite phase,  
0

M is SMA resistance in martensite phase  

Also, the SMA modulus also has the following relationship with the SMA martensite 

volume fraction [182]. 
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                    (4.23) 

where AD is the SMA modulus in austenite phase and MD is the SMA modulus in 

martensite phase. 

The equation (4.22) and (4.23) can be combined as follows, 
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 are the constant value so it can be 

simplified as following linear equation. 

1 2k D k  
                          (4.25) 

Based on the above equation, the resistance variation range of SMA wire used in the 

stiffness control part as in Figure 4.20. There is the hysteresis depends on the 

transformation direction, so the target resistance range was decided to cover the minimum 

resistance variation which was from 2.2 Ω to 2.9 Ω.  
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Figure 4.20. SMA resistance change in different applied current. 

 
 

Based on the resistance variation in Figure 4.20, the natural frequency of stiffness control 

part was measured using PID control method as in Figure 4.21. The resistance was 

normalized using maximum resistance and minimum resistance, and normalized resistance 

was used as target value of PID control. PID parameter was experimentally decided as Kc 

= 0.05, Ti = 0.005 and Td = 0.0002.  
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Figure 4.21. SMA stiffness feedback control according to the normalized SMA 

resistance. 

 

 

 

4.8.3. Variable actuating speed with stiffness control part 

 
The effect of the stiffness control part on actuation was evaluated. In this experiment, the 

stiffness feedback method described in section 4.8.2 was not used. Instead, it was only 

controlled in an on-off state to maximize the effect of the stiffness control. The actuating 

speed was divided into two states: slow actuation at 9 Hz and fast actuation at 11 Hz. The 

actuating characteristics between these two states were then compared. 

Figure 4.22 presents the actuating characteristics in the low actuation state. When the 

stiffness control part was turned OFF, the SMA in the stiffness control part was in a 

martensite phase, so the actuator was less stiff and exhibited resonance in the low actuation 

state. When the stiffness control part was turned ON, the stiffness of the actuator increased, 

so the natural frequency of the actuator was increased. The lower graph illustrates the 
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resulting decreased and uneven deformation magnitude.  

 

Figure 4.22. Effect of stiffness control part in slow actuating state (9 Hz) 

 

 
In the fast actuating state, the deformation of the actuator was reduced when the stiffness 

control part was off. However, the deformation increased when the stiffness control part 

was ON: the stiffness of the actuator increased and reached 11 Hz as in Figure 4.23. Thus, 

the two different actuating speeds can be switched in real time without changing the 

composite design or experimental setup.  
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Figure 4.23. Effect of stiffness control part in fast actuating state (11 Hz) 

 

 

4.9. Actuation in water 
 

4.9.1. Actuation characteristics in water 

 
The proposed high-speed actuator used a resonance effect for large deformation, so the 

actuating characteristics may differ in different mediums. To assess the effect of various 

mediums, actuating performances under water and in air were compared (Figure 4.24). The 

length of the actuator exhibiting maximum deformation decreased and the maximum 

deformation decreased over all actuating speeds.  

The following equation can be used to predict the optimum actuator length under water: 
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Figure 4.24 Maximum tip deformation at different actuating frequency and medium. 
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where w  is the resonant frequency of actuator in water, a  is resonant frequency 

of actuator in air, a  is density of air, w  is density of water, act  is the density of 

actuator, t  is the actuator thinkness, b  is actuator width. The predicted actuator length 

at each actuating speed was compared with the experimental result as in Figure 4.25. 
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Figure 4.25 Comparison of experiment and calculated values in different medium. 

 

 

 

4.9.2. Effect of number of SMA wires 

 
The deformation of actuator in underwater was decreased due to the increased damping 

force. Therefore, the design modification is required to increase the deformation of 

actuator. One of the possible solution is to increase the actuating force by increase the 

number of SMA wires in the actuator.  

To verify the effect of number of SMA wires, the actuators with 24 and 36 number of 

SMA wires are compared as in Figure 4.26. As the result, the actuator with 36 number of 

SMA wires shows larger deformation in 10, 15 and 20 Hz actuating speed.  
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Figure 4.26. Tip deformation in different number of SMA wires. 

 

 

 

4.10. Application of high-speed actuator 
 

4.10.1. Application on the fish mimetic robot 

 
The sinusoidal bending motion under water is similar to the flapping motion of a fish tail, 

and it can generate thrust. Thus, the high-speed actuator developed can be used as a fish-

mimetic soft flipper capable of actuating faster than 10 Hz. To use the actuator as a thrust 

source for an underwater robot, optimal conditions to generate high thrust must be 
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evaluated. Figure 4.27 shows the relationship between deformation and thrust at 10, 15, 

and 20 actuating frequencies. It shows that the thrust was generally proportional to tip 

deformation but the highest thrust, at 10 Hz, did not match the actuator length showing the 

highest deformation. 

 

 

Figure 4.27 Tip deformation and average thrust in underwater according to the actuator 

length. 

 

 
The fish tail consists of a soft material and exhibits a phase delay while it is flapping, due 

to its flexibility. This phase delay can improve the thrust compared with a rigid fin, which 

is actuated in one phase over the whole structure [183]. Thus, a compliant fin design was 

applied to the high-speed actuator to improve its thrust. A fin was fabricated using PVC 
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film: its dimensions were 20 × 30 mm. It was attached at the tip of the actuator. Figure 

4.28 compares the average thrust without and with the compliant fin. The actuator with the 

compliant fin had higher thrust with a shorter actuator length at a 10-Hz actuating speed.  

 

 

Figure 4.28. Average thrust in 10 Hz actuation speed with and without compliant fin. 

 

 

 
The actuator was used in a fish robot and the speed of the robot was evaluated (Figure 

4.29). The robot head length was 52 mm and the actuator length as installed was 14 mm. 

The total robot length was 107 mm including the compliant fin. The measured robot 

velocity was 19.7 mm/s (0.18 body lengths per second) at a 10-Hz actuating frequency.   
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Figure 4.29. Locomotion of fish robot using the compliant fin at 10 Hz actuating speed. 

 

 

 

4.10.2. Application on the flapping wing actuator 

 
The high-speed actuator developed can also be applied to a flapping wing actuator 

because of its fast actuating speed and large deformation. A passive rotating mechanism 

was added to generate an effective lift force (Figure 4.30). The wing material was 

fabricated using a fluoropolymer (FEP) film (15 μm thick), and the soft hinge structure 

that can change the flapping direction consisted of a carbon rod (φ 3 mm). The actuator 

dimensions were 10 × 60 × 1.7 mm (width × length × thickness): a small air gap scaffold 

structure was used. 

As shown in Figure 4.31, the flapping angle can be changed depending on the direction 

of the stroke, as in the flapping motions of birds and insects. This can help in generating a 

continuous lift force in both the down and up strokes. 
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Figure 4.30. Actuator design and experiment setup for flapping actuator. 

 

 

 

Figure 4.31. Flapping motion of the flapping actuator in 11 Hz actuating speed. 

 

 
Figure 4.32 shows the force generated from the flapping wing actuator: the average lift 

force was 0.013 N. Figure 4.33 shows the performance position of this measured lift force, 

which has a relatively low lift force per weight value. However, it was previously difficult 

to realize a flapping actuator using SMA due to the slow response. Thus, the finding that 

it was possible to generate a lift force at a high frequency using the SMA bending actuator 

is meaningful. 
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Figure 4.32. Force measurement of the flapping wing actuator. (a) Direction of the 

generated force. (b) Generated force profile at each direction. 
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Figure 4.33. Position of the flapping wing actuator using SMA [184-202]. 

 

 

 

4.11. Summary 
 

A high speed-large deformable SSC actuator is presented in this work that combines 

multiple SMA wires with small cross-sections, a soft polymeric matrix and scaffold 

structure where the actuation speed of the actuator corresponds to its natural frequency and 

the resonant amplification of the actuator increases the amplitude of actuation of the 

actuator such that large deformations will occur. The actuator requires a few actuation 

cycles to reach and then maintain its maximum tip deflection. This type of actuator was 

demonstrated to be capable of large deformations at actuation speeds up to 35 Hz, which 
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is two order higher than the fastest SMA-based bending actuator found in the surveyed 

literature which had an actuation speed of 0.3 Hz. It is also the smart material-based soft 

actuator with the largest deformations in the 10-35 Hz range within the surveyed literature. 

It was found that the actuating length of the actuator should be shortened for faster 

actuating speeds in order to increase the natural frequency of the actuator to match the 

actuating frequency. However, tailoring of the configuration of the scaffold structure 

within the actuator allows to modify the actuation characteristics of the actuator and thus 

to target a specific actuator length, tip deformation and actuation frequency. Furthermore, 

the configuration of the scaffold structure can also be changed to induce anisotropic 

properties to the actuator and thus produce a motion with a coupled bend-twist deformation.  

The maximum tip deformation and maximum flapping angle could be controlled by 

changing the applied current and the performance of actuator for different loads were also 

measured and the expected actuator length corresponds to the resonance at given loaded 

condition could be calculated by proposed model.  

The thermal analysis to predict surface temperature of the actuator was proposed and 

compared to the experimental data that measured in 3 minute actuation. Also, the feedback 

control method to modulate the stiffness of actuator was developed using stiffness control 

part consisted with SMA wires. The fast and slow modes of actuation could be switched 

each other by using two different stiffness modes of stiffness control part. 

The performance of actuator in underwater was also evaluated and it was used to develop 

the fish mimetic robot with compliant fin that helps to increase thrust. Also the biomimetic 

flapping module for flying was also proposed and its lift force was compared to the 

previous research. 
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Chapter 5. Conclusion 
 

 
The purpose of this study was to develop a large, deformable, high-speed soft actuator 

with diverse motions in a simple structure to realize biomimetic motions. For this purpose, 

a smart soft composite (SSC) actuator with a composite design was proposed. The motion 

of the SSC actuator can be tailored using the scaffold design, fabricated using a 3D printer. 

The three different scaffold designs can realize four different motions with a simple 

structure. 

An advanced design methodology for the actuator to mimic the complex motions found 

in nature was also developed. Based on the four different motions using the three scaffolds, 

combinations of each scaffold can generate more diverse motions. To apply this method 

to mimic the complex motion of animals, a flipper actuator of a marine turtle was 

developed and its performance was evaluated. The flipper actuator realized two different 

gaits in a single actuator for the first time. 

The slow actuating speeds of SMA-based actuators, which have been considered a major 

limitation, were also improved, by as much as 10-fold. The multiple thin SMA wires 

embedded in the composite can generate large, high-speed deformation in a stable manner. 

A stiffness control method using the scaffold design and real-time stiffness feedback 

control was developed to exploit the resonance effect during actuation. The actuating 

characteristics were analyzed in different mediums. Biomimetic robots, swimming and 

flying, were developed and their performances were evaluated. 

This dissertation describes a novel soft actuator with improved actuating performance 

using a composite design. It may be useful as a design platform for the development of 

biomimetic soft robots and will help to extend the area of appropriate applications. 
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초    록 

 

소프트 모핑은 생물체의 유연한 동작을 모사하여 다양한 환경 

조건에서도 높은 적응성을 보일 수 있다는 장점으로 인해 

웨어러블(wearable) 장비나 생체 모사 유연 로봇 등과 같이 다양한 산업 

분야에 적용이 가능한 기술이다. 구조체 내에서 능동적인 소프트 

모핑을 구현하기 위해 다양한 종류의 스마트 재료를 활용한 구동기가 

개발된 바 있으나, 제한된 구동 형상 및 구동 속도 등의 문제로 인해 

보다 다양한 응용 분야 적용에 있어 한계가 존재하였다.  

따라서 본 연구에서는, 형상기억합금을 유연 복합재로 구성하여 유연 

복합 거동을 구현할 수 있는 구동기를 제시하였다. 이를 위해 

지지체(scaffold) 구조를 활용하여 기존 복합재 구조에서 주요 

결점으로 간주되던 구조 이방성 특성을 오히려 강화시켰고, 이를 통해 

경량의 간소한 구조 내에서 보다 다양한 거동을 구현할 수 있었다. 

구동기 내에 삽입되는 지지체의 구조에 따라 복합재 특성 설계가 

가능하며, 따라서 지지체 구성에 따라 구동기의 거동 형상 설계가 

가능하다. 또한 해당 지지체는 3D 프린터를 활용하여 간편한 제작이 

가능하다는 장점이 있다. 구동기가 작동하도록 구동힘을 발생시키는 

역할을 하는 형상기억합금도 구동기에 삽입되어 있으며, 이러한 각 

요소들은 유연 고분자 재료를 기저재료로 활용하여 복합재로 구성된다. 

구동기의 거동 특성은 대칭형, 반대칭형, 비대칭형의 각기 다른 세가지 

종류의 지지체 구성에 따라 결정되며, 이에 따라 네가지 구동 모드가 
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구현되었다.  

네 가지의 기본 구동 모드보다 더 다양하고 복잡한 구동을 구현하기 

위한 설계 방법 또한 제시되었고, 이의 활용 가능한 예로서 거북 모사 

로봇에 적용되었다. 바다 거북 플리퍼의 동작을 분석하고, 이를 동작 

및 위치에 따라 세가지 섹션으로 단순화 시켰다. 각 섹션에서 요구되는 

동작을 구현할 수 있는 적합한 지지체 구조들을 선정하고, 이렇게 

선정된 세가지 지지체 구조를 합쳐 한 개의 구동기 모듈로 제작하였다. 

이 플리퍼 구동기는 인가 전류 패턴에 따라 바다 거북의 두 가지 서로 

다른 영법을 한 개의 구동기에서 모사할 수 있었다. 구동기의 두 가지 

영법에 따라 효율 및 유영 속도 측면에서 운동 특성이 평가되었다.  

또한 구동기의 구동 속도 및 변형 크기를 증가시켜 기존 형상기억합금 

기반 굽힘 구동기의 구동 성능 범위를 확장시킬 수 있는 구동기 설계 

방안을 제시하였다. 한 가닥의 굵은 형상기억합금 와이어 대신 미세 

굵기 형상기억합금 다발을 사용하여 형상기억합금의 냉각 효율을 

향상시켰고, 이에 구동 속도가 35 Hz까지 증가되었다. 또한 지지체 

구조 설계를 통해 구동기의 고유 진동수를 조정할 수 있기 때문에, 

공진 효과를 적극적으로 활용하여 구동 변형 크기를 증가시켰다. 이에 

더하여 목표로 하는 고유 진동수를 가진 구동기를 제작할 수 있는 

지지체 구조 설계 방법이 개발되었으며, 실제 실험을 통해 검증되었다. 

수중에서의 구동 성능 또한 평가되었고, 이때 최대 성능을 보일 수 

있는 적절한 구동기 길이를 예측할 수 있는 모델 또한 제시되었다. 

고속 구동기의 활용 예로서 10 Hz의 속도로 플래핑이 가능한 물고기 
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모사 로봇이 개발되었고, 로봇의 이동 속도가 측정되었다. 또한 해당 

구동기에 수동 회전 매커니즘을 추가하여 새나 곤충의 날개짓 

움직임을 모사할 수 있는 비행 날개에도 적용되었다.  
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