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Abstract 

 
 

Supervising Professor:  Yonas Tadesse 
 
 
Soft robots consist of elastomeric materials, compliant actuators, and sensors that enable them to 

be used for numerous applications due to their flexibility, lightweight, and many degrees of 

freedom. Many actuators such as pneumatic actuators and servomotors introduce many design 

constraints due to their size, weight, and cost. Moreover, vibration and noise are undesired 

attributes that preclude the use of the robot. Smart materials play a vital role in the field of soft 

robotics since they can be used as sensors and actuators. This thesis presents the design and 

characterization of three robotic structures that are actuated by twisted and coiled polymer (TCP) 

muscles and shape memory alloys (SMA).  First, a soft silicone skin embedded with TCP muscles 

that shows two unique modes of actuation is presented. The two actuation modes (undulatory and 

bending) depend on the muscle placement, skin thickness, applied voltage, and actuation time. 

Second, a humanoid head actuated using fully embedded TCP muscles featuring basic facial 

expressions, head nodding and jaw movement is presented. Third, an underwater jellyfish-like 

robot actuated by SMA muscles is developed. Several studies for the bell segment actuation were 

conducted to determine the influence of power input, bell geometry, and number of spring steels 
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embedded within the elastomer. Studying these different application domains experimentally plays 

an important role in gaining new knowledge on design, fabrication, and performance of smart 

materials and soft robots.  
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CHAPTER 1 
 

INTRODUCTION 
 
 
 
This chapter explains the state of the art actuation technologies, literature review, and materials 

such as smart actuators, sensors, and soft materials used in the fabrication of humanoid and 

underwater robots.  

1.1.  Silicone  

Soft robots are rapidly changing. Researchers are working on new materials to optimize the 

performance of robots. The functionalities of thee robots rely on their ability to withstand changes 

in temperature, pressure, and geometry while still functioning at high performance. Platinum cured 

silicone is widely used for soft robotic applications, for example, humanoid robotic head [1], soft 

robot capable of forming into different shapes [2], underwater jellyfish [3], and iGrab hand orthosis 

[4]. Silicone is the most ideal due to its molding abilities. Before curing, it is in liquid form while 

after curing it hardens into flexible material according to the mold’s shape. This flexibility allows 

for the creation of different shapes at various thicknesses for any desired application. Silicone is 

also medically approved and translucent, this allows for safe handling by users and the ability to 

achieve a more realistic model [5]. 

1.2.  Sensors  

Researchers have worked to come up with robots that are smooth in motion as a result of flexible 

structures and sensors. Sensors such as force resistance sensor [6], temperature sensor [7], and 

pressure sensor [8] were embedded in silicone. A compliant artificial muscle can also be used to 
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detect certain stresses using a skin with microchannels filled with conductive liquids [9]. Another 

similar application is a hyperelastic pressure transducer that utilizes microchannels of conductive 

liquid eutectic gallium-indium [10]. Embedding sensors in a soft skin eliminate the use of extra 

space and sockets within the robot’s structure. Moreover, it gives it a smoother look. However, the 

motion performance of a robot is determined by the actuator used in the robot. 

1.3. Actuators  

The development of soft robots requires advancement on soft actuating technology, control 

strategy, and locomotion method. Different types of actuators are used in robots. For example, the 

humanoid Buddy [11] and ROMAN [12] used electrical servo motor. The Actroid-F [13] uses 

pneumatic actuators. The SAYA [14] uses McKibben actuators. Each actuator has its own 

advantages and disadvantages. For example, electrical motors are energy efficient and can be 

controlled easily; while, they are bulky and expensive. Pneumatic actuators require an air pump 

which is not applicable in many practical situations. Besides the traditional actuators like motors 

and pistons, many have attempted to tackle the actuating technology by exploring different smart 

actuators. Smart actuators, such as shape memory alloys (SMAs), ionic polymer-metal composite 

(IPMCs), dielectric elastomer (DE), or piezoelectric have been proven to be a promising actuating 

solutions that can bring a good performance, a compact size, and a quiet operation; however they 

are expensive and consume higher voltages in some cases.  

1.4. Robots 

Various biomimetic terrestrial robots have been presented by researchers. A caterpillar robot was 

introduced, which is capable of rolling through uneven surfaces and can adapt to different 

environmental conditions [15]. Tadesse et al.[16] and Hara et al. [17] used SMA to control the 
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motion of the head. Another terrestrial robot that operates using pneunet, soft elastomeric 

chambers is also presented [18]. Some other examples include TCP muscles for icosahedron 

tensegrity robot [19], assistive devices, prosthetics or orthotic hands, and humanoid robotic hand 

[20, 21] and musculoskeletal system [22]. A review of several new soft robots and the current 

challenges are summarized in Laschi et al. work [23], covering terrestrial robot, underwater robots, 

and other applications. 

1.5. Soft robots 

This section briefly explains the state of the art soft robots. A robotic skin was presented made of 

carbon black filled silicone for sensing surrounding environments [24]. Recently, similar 

embedded twisted and coiled polymer (TCP) muscles within silicone elastomer and various 

sensors for soft robot applications have been presented in [7]. The effect of skin thickness, 

placement of muscles and input power supplied to the muscles play the key role in the actuation 

behavior of the composite structure because all these parameters contribute to the static and 

dynamic behavior. In literature, there are some studies that show the relationships of shape changes 

due to the configuration of the embedded muscles. One example is shape memory alloy embedded 

with laminated plate using finite element method [25]. Second example is an in-plane and out of 

plane actuation of SMA/elastomer composite [26]. Third, is a micro aerial vehicle developed using 

macro fiber composite(MFC) [27, 28]. MFC is a piezoelectric composite material that was 

originally developed by NASA for morphing structures. MFC is made from uniaxially aligned 

fibers embedded within a polymer matrix with an interdigital electrode pattern, it is and excellent 

flexible piezoelectric-based actuators and can operate at high frequency. However, it is relatively 

expensive [29].  
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1.6.  Humanoid 

Within the last 10 years, major progress has been made in the development of humanoid robotic 

heads that are able to generate the same facial expressions as humans. A humanoid head with TCP 

muscles was introduced in 2017 [1]. The FACE robot made in 2012 uses 32 servo motors mapped 

on major facial muscles in order to simulate the 6 basic facial expressions (happy, sad, surprise, 

anger, disgust, and fear) [30]. Other more recent developments in “social robots” include the 

Phillip K. Dick robot, which utilizes servo motors as well as Faceshift facial tracking software in 

order to replicate human mouth and jaw movement and expressions [31]. The Buddy robot is a 3D 

printed humanoid robot that has the ability to dance and perform human-like facial expressions. It 

was made with the intention to assist children and the elderly [11]. Real world applications of 

humanoid robots are becoming increasingly evident as the technology improves. In 2013, a study 

performed by Industrial Research Ltd. used a humanoid robot in order to promote attention, 

communication, and social skills in children with autism [32]. In homes, there has been 

consideration of using humanoids as a housekeeper while the home owners are away. In the 

medical field, recent studies have brought up the use of humanoids as service robots to aid nurses 

and as a method of training healthcare professionals [33]. Currently, many robots use bulky, 

expensive, and heavy actuators such as servo motors and pneumatic actuators. The humanoid robot 

Sophia has made major headlines in the news as of late 2017, appearing on television shows and 

magazine covers. Composed of mostly servomotors, Sophia is known as the most lifelike and 

realistic humanoid robot to date and has even been granted citizenship in Saudi Arabia [34]. In 

2016, researchers at the Tokyo Institute of Technology and Okayama University in Japan were 

able to develop a human-inspired musculoskeletal lower-limb robot made from thin multifilament 
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McKibben muscles and pneumatic actuators. By grouping large bundles of these thin McKibben 

muscles together and attaching them to a human-size skeleton replica, they were able to move the 

skeleton in a natural and human-like way, such as walking. They have even been able to add these 

muscles to the jaw of the skeleton in order to replicate natural human jaw movements [35]. The 

motors used in the humanoids may produce vibration and noise, which are undesired attributes 

that preclude the use of the robot. These traits serve as a huge disadvantage to the robotic design 

and control. Unlike those conventional actuators, TCP muscles are light, flexible, inexpensive, and 

small in size. In addition, TCP muscles are able to be molded within the structure and actuated 

discreetly with minimal noise and vibration [2]. 

1.7. Underwater robots 

Underwater robots can be used in numerous fields such as archeology, the oil industry, and the 

military. These robots are capable of performing tasks and swimming into places where typically 

humans cannot reach. This could be due to size constrains, abnormal cold or hot surrounding 

temperature, and dangerous unstable areas that might be risky for a diver to swim in. Regarding 

underwater robots, a micro-robot fish was developed based on an actuated biomimetic fin [36], 

which can bend easily due to an elastic substrate and embedded SMA wires. An undulating eel 

robot made of flexible polyurethane was introduced [37]. In another related work, a robotic 

jellyfish called Robojelly was fabricated to mimic the structural features of the Aurelia aurita 

species using a bio-inspired shape memory alloy composite and RTV silicone[38]. Moreover, a 

jellyfish model that is actuated by hydrogen and oxygen fuel was also proposed. The fuel-powered 

Robojelly uses nickel–titanium, multiwall carbon nanotube, nano-platinum (NiTi/MWCNT/Pt) 

composite actuators that have been presented to mimic the natural movement of the jellyfish [39]. 
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Another biomimetic jellyfish robot was developed using IPMC actuators to implement jet 

propulsion [40].  A lamprey-based undulatory vehicle  [41], a free-swimming robotic batoid ray 

based on IPMC actuators [42], and a miniature fish-like robotic swimmer induced by propulsion 

generated by tail vibrations [43] were presented.  More recently, a robotic fish was demonstrated 

that was developed with electromagnetic actuation system and 3D printing [44].  

1.8.  Thesis organization  

The thesis is organized in six chapters. The first chapter which is just discussed explains the related 

work and literature review of actuators and materials that are used many in robotic designs and 

applications. The second chapter explains the state of the art material fabrication and properties of 

TCP muscles and silicone elastomer are discussed. The third chapter explains a soft robotic skin 

with embedded TCP muscles, showing bending and undulatory motions due to the variations in 

muscle placement and silicone skin thickness. The fourth chapter describes a humanoid robotic 

head utilizing embedded TCP muscles in the elastomer to show several facial expressions and head 

movements. The fifth chapter introduces an underwater jellyfish-like robot actuated by SMA 

muscles. Several studies for the bell segment actuation were conducted to determine the influence 

of power input, bell geometry, and number of spring steels embedded within the elastomer. Lastly, 

the sixth chapter is a summarized conclusion of the major contributions and intended future work.  
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CHAPTER 2 

ACTUATORS AND ELASTOMER MATERIALS 
 
 
 
2.1. Twisted and Coiled Polymer Muscles (TCP)  

 Recently, Haines et al. made a new artificial muscle which uses fishing line and silver coated 

nylon [45]. This muscle is an inexpensive (~$5/kg) high-strength polymer fiber. Thermal 

contraction of nylon 6,6 fibers is about 4%. But twisting amplifies the strain. The twist enables 

polymer fibers to work as torsional muscles. By adding more twist such that the twisted fiber 

converts to a coiled fiber. The extra twist amplifies the tensile stroke of the twisted polymer fiber. 

These muscles can untwist, especially when under a load. Thermal annealing solves this problem 

by forming a torque-balanced structure. By wrapping a highly twisted polymer fiber around a 

mandrel and stabilizing the coils by thermal annealing, a twisted and coiled polymer muscle can 

be fabricated. TCP muscles can be twisted into several structures (1-ply, 2-ply, 3-ply,etc). 

Typically, the higher the ply the more force the TCP can produce, but also the more power it will 

need to actuate. The power increase is due to the increase in the number of fibers used. For 

example, a 2-ply muscle uses 1 precursor fiber while a 3 ply muscle uses 3 precursor fibers. Thus, 

more power is needed in order for the TCP to deform.  

 
2.2. TCP Muscle Fabrication  

Twisted and Coiled Polymer muscles are fabricated using automated fabrication system utilizing 

a DC motor using nylon precursor fiber from Shieldex Trading, Inc. and following some prior 

works [21],[46]. Essentially, the muscles are prepared from silver coated nylon 6,6 threads. TCPs 
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are thermally driven actuators that can be triggered by applying a voltage or electrical current 

across the terminal, like shape memory alloys (SMA). The fabrication process includes the use of 

an electric motor on one end of the thread and a dead weight on the other end. The dead weight 

was placed at the end of the thread (precursor fiber). The twist was achieved by applying a 

counterclockwise rotation using the motor. The twist caused the thread to coil, this coiling process 

is allowed to occur until the entire length of the thread is coiled, which is evaluated visually by 

observing the thread’s change in diameter, this results in 1-ply muscle [45]. To make 2-ply muscle, 

the 1-ply is folded in half, and due to the initial extreme twisting and coiling in the 1-ply, it coils 

on itself. Each end is crimped to connect with power supply. The process of muscle fabrication is 

explained in Figure 2-1 [21]. 

 

Figure 2-1: 2-ply muscle fabrication process adapted from Wu et.al [21]. 

2.3. Annealing and Training   

 To use the newly fabricated muscles for actuation, the muscles need to undergo through heat 
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treatments to ensure a consistent actuation parameter every time it is used. These heat treatments 

are referred to as “annealing and training.” Annealing is the process that alters the microstructures 

of a material causing changes in properties such as strength, hardness, and ductility. On the other 

hand, training is used to train the muscle to carry a specific required force. It results in the muscle’s 

ability to maintain a steady state while actuating at the forces required. The annealing and training 

process can be divided into 4 cycles; 3 annealing cycles and 1 training cycle. This process, as 

demonstrated in Figure 2-2 consists of annealing the muscles using a mass, 350g, larger than the 

one required for actuating for 3 cycles and then training for 1 cycle at 250g [47].  

2.3.1 Current (A) Driven  

Heat treatment is applied using electrical current varying between 0.6A and 0.9A for 2-ply of 

diameter 1.8mm. Several muscles are initially tested under different electrical current values in 

order to determine the optimized training and annealing magnitudes for each new precursor fiber 

batch. 

2.3.2 Voltage (V) Driven 

This heat treatment process is conducted by changing the voltage proportional to the length of the 

TCP muscle using (*1.29 length of the muscle in inches [46]) until the muscle reaches steady state.  
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(a)                                                                             (b) 

 
Figure 2-2: Preparation of 2-Ply TCP muscle, diameter ~ 1.8mm and 110 mm length (a) 
Schematics of TCP muscles annealing and training set up, and (b) Annealing and training 
parameters 
.  

2.3.3 Heat Treatment  

TCP muscles can be studied according to its thermal-electrical properties. When electrical power 

is passed through the muscle it contracts due to its increase in temperature. The heat flux flows 

through the muscle due to convection heat transfer properties. Equation 2.1 shows the relationship 

between the temperature change in response to the power input 

(1) 

Considering the TCP muscle as a controlled volume, along with a lumped parameter assumption, 

the energy balance equation of the actuator body can be expressed in the following form. The left 

side of the equation consists of the temperature rate change and the right side includes heat 

generation due to the electrical current as well as convective heat dissipation out of the TCP 

muscle. The second equation is the solution of the differential equation. Ro Is the resistance at room 

350g

Power supply 

Ruler 

2 PLY 
muscle 

Dead weight 

Connecting 
wires

Annealing Annealing Annealing Training 
350g 350g 350g                                250g

Cycle 1 Cycle 2 Cycle 3 Cycle 4 
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temperature, α is the resistance temperature coefficient, Cp is the specific coefficient, A is the 

surface area, T is the temperature of the muscle, T∞ is the ambient temperature., and i is the 

electrical current provided. The parameter on the right side of directly relate to the change in 

temperature of the TCP muscle is related to the deformation resulted in the TCP[48].  The heat 

treatment process can differ slightly due to the percentage of conductive silver particles that are 

found in the precursor fiber. Therefore, several experiments were conducted to analyze the 

relationship between power and deformation of the TCP muscles under electrical current heat 

treatment. The samples used in this experiment are show in Table 2-1. Moreover, visually, these 

fibers differ in color as shown in Figure 2-3 Spool 1 appears to be much darker in color compared 

to spool 2. 

 
 

Figure 2-3: Samples of fabricated 2-ply muscles from spool 1 and spool 2. 

 

Table 2-1: Sample parameters of the TCP used in the heat treatment experiment 

Sample number Loaded length 
(mm) 

Loaded Diameter (mm) Spool number 

1 110 1.02 1 

2 110 1.08 2 

 

All figures are then plotted using MATLAB.  
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2.3.3.1 Experimental Set Up for Testing TCP Muscle Actuation 

Experiments were conducted on the newly fabricated TCPs. The experimental set up included 

several 2-ply TCP muscles, NI DAQ 9219, keyrence laser displacement sensor, thermocouples, 

laptop, power supply, and dead weight as shown in Figure 2-4. 

 
 

Figure 2-4: TCP muscles displacement experimental set up. 

 

2.3.3.2 Results and Discussion of Preliminary Test 

Displacement, temperature, current and voltage versus time were plotted using MATLAB for all 

tested samples. The data was collected using National Instruments data acquisition (DAQ 9219). 

The tested samples were of equal length, 110 mm.  Figure 2-5 (a) shows the data plotted for the 

darker muscle fabricated from the precursor fiber spool 1. While the data in Figure 2-5 (b) shows 

the results for the lighter muscle fabricated from precursor fiber spool 2. The average strain 

displacement of all actuated TCP is shown in Figure 2-5 (a-b). The temperature in spool 1 varies 

from 100Co up to 120 Co while in spool 2, it varies between 100Co up to 160 Co. The increase in 

temperature can be due to the uneven distribution of silver within the thread. It is also observed 

+    -

Fixed Linear guide

Laser displacement 
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Power supply

Weight
Thermocouples 

DAQ



 
 
 
 

 13 

that there is a consistent variation between the voltage of spool 1 and 2. Here, spool 1 has higher 

voltage which is an indicator that the resistivity in the darker TCP is higher. It is observed that 

both muscle broke at 0.9A shown in red in Figure 2-5. Furthermore, testing should be conducted 

to quantify the differences. 

2.4 Tensile Testing for Silicone at Different Compositions  

Changing the silicone’s properties such as an increase in its porosity will allow for an increase in 

elongation %, decrease in force (N) required for deformation, and decrease in the overall volume 

and weight of the soft robot. In this chapter, we will show the test results of  three different silicone 

dogbone samples under the same conditions. The three samples include 100% platinum silicone 

EcoFlex30, EcoFlex 30 mixed with 10% by volume silicone thinner (EST), and EcoFlex 30 mixed 

with vinegar and sodium bicarbonate mix (VSB). The results in this chapter show that EST and 

VSB outperform 100% platinum silicone EcoFlex 30.  
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(a)  

 

 (b)  

Figure 2-5: Experimental data of displacement, temperature, voltage, and current vs time for 2 

ply TCP muscles from (a) spool 1 and (b) spool 2. 
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2.5. Silicone Materials 

2.5.1. 100% Platinum Cured Silicone EcoFlex 30 

Platinum cured silicone is a crosslinked polymer typically used for numerous applications due to 

its rubber-like properties. Cross-linking is a non-reversible chemical process that converts 

polymers into different materials by forming “bridges” between its polymer chains. EcoFlex-30 

from Reynolds materials has a shore hardness of 00-30, up to 900% elongation at break, and a 

tensile strength of 200 psi(1379kPa) [49]. EcoFlex 30 is prepared from “Part A” which is silicone 

elastomer and “Part B” which is the silicone elastomer cross linker. EcoFlex 30 which consists of 

a 1:1 mix of part A and part B has a pot life of 45 minutes and a curing time of 4 hours at room 

temperature 23Co [49]. The silicone can deform into different shapes according to the direction of 

the force vector that is being applied. In unstressed state, its crosslinked chains are twisted and 

coiled typically referred to as “amorphous state,” while under stressed state its crosslinked chains 

are straightened and untwisted which causes it to produce deformations. Both states are explained 

in Figure 2-6 (a) silicone elastomer before deformation and Figure 2-6 (b) silicone elastomer after 

deformation.   

 (a) 
(b) 

Figure 2-6: (a) Unstressed amorphous state structure. (b) Deformation state 
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2.5.2. EcoFlex 30 + Silicone Thinner (EST)  

This material consists of EcoFlex 30 as its base material with an added mix of 10% by volume of 

silicone thinner. NOVOCS silicone thinner is a volatile organic compound with the chemical base 

of Hexamethyldisiloxan O[Si(CH3)3]2 [50]. Its main advantages include lowering the mix viscosity 

of EcoFlex 30 as well as lowering the ultimate shore hardness of cured silicone rubber [51]. Figure 

2-7 shows the chemical base compound and a prepared colored sample of Ecoflex 30 and silicone 

thinner.  

 

   (a) (b) 

Figure 2-7: (a) chemical structure of hexamethyldisiloxane O[Si(CH3)3]2 [50]. (b) a sample 
of silicone+ silicone thinner  

 

2.5.3. EcoFlex 30 + Vinegar and Sodium Bicarbonate Mix (VSB) 

This material consists of EcoFlex 30 as its base with an added mix of vinegar plus sodium 

bicarbonate mix. Figure 2-8 (a) shows the chemical reaction of sodium bicarbonate in solid powder 

form plus vinegar (acetic acid) in liquid form which produces water, CO2 gas, and sodium acetate. 

10% by volume of VBS was mixed with EcoFlex 30. After curing it is observed that the water 
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comes out on the surface of the silicone and that the sodium acetate is residue is found in the rubber 

created by the reaction. Figure 2-8 (b) shows VBS mixed with EcoFlex 30 with bubbles forming.  

(a) 

(b) 

Figure 2-8: (a) Chemical reaction equation of baking soda and sodium bicarbonate mix [52]. (b) 

EcoFlex 30 with VSB mix showing bubbles resulting from the chemical reaction. 

 

2.6. Fabrication of Dog Bone Samples  

Several dog bone samples were prepared for each composition as explained in section 2.5 

according to ASTM standards D 412 for elastomer tensile testing as shown in Figure 2-9 (b) The 

first sample, 100% EcoFlex 30, was prepared from mixing of 1:1 ratio of part A and B and adding 

the mix onto the 3D printed mold and allowing it to cure overnight. The second sample, EcoFlex 

+ silicone thinner was made from the mix of 1:1 ratio of A and B, then the addition of 10% by 

volume of silicone thinner and some coloring (Silc Pig), then pouring it in the mold and allowing 
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it to cure overnight. The addition of color should not affect the dog bone sample’s performance as 

the color used is of platinum silicone base color provided by the same manufacturer. The third 

sample was consisting of the mix 1:1 ratio of part A and B, then in a separate container mixing 1:2 

ratio of sodium bicarbonate and vinegar. After mixing part A and B, the sodium bicarbonate 

vinegar mix was added and mixed all together then allowed to cure overnight in the 3D printed 

dog bone molds.  Figure 2-9 (a) shows the test samples preparation and molding process steps.  

 

(a) 

 

 (b) 

Figure 2-9: (a) Images showing the general fabrication process for all dogbone samples. (b) 
ASTM standard dimension of dogbone sample 
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2.7. Experimental Setup for Testing Skin Elongation 

Tensile testing for the three different silicone samples was conducted using Instron machine. The 

silicone dogbone samples were clamped on both ends with the bottom end fixed. The testing rate 

was conducted at 500mm/min, and raw data for stress, strain, load, and extension were extracted 

for analysis. Figure 2-10 shows dog bone sample testing using Instron machine.  

(a) (b) 

Figure 2-10: (a) Dog bone sample set up initial position in Instron machine. (b) Running 
experimental of sample in Instron machine. 

 

2.8. Experimental Results and Discussion of Tensile Testing 

Figure 2-11 below shows experimental results for stress vs. stain and load vs. extension. Both 

results consistently show that the silicone + silicone thinner mix and silicone VSB mix is 
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significantly better than 100% silicone. These results show that the new enhanced compositescan 

produce higher deformation at less forces. 

The elongation of each sample was determined according to  

%	𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 = ,-.	,/
,/

∗ 100  (2) 

Where Li is the initial length, Lf is the final length. 

It can be observed that the silicone thinner preformed drastically better than the other 2 silicone 

composites. Figure 2-11 (a) shows that the silicone thinner resulted in ~1200% elongation 

compared to EcoFlex 30 which was at 600% elongation while the silicone VSB composite was 

between at ~670% elongation. Moreover, Figure 2-11 (b) shows that both the silicone VSB and 

Silicone thinner composites showed better elongations at lower load values than EcoFlex 30. 

Taking into account the maximum force capacity of the TCP muscle at ~4N  it can be observed 

that both composites produce a higher extension. At 4N the silicone VSB and silicone thinner 

produced ~180mm and ~200mm respectively compared to the ~110mm extension using EcoFlex 

30.  

These results show that using either the silicone VSB or thinner composites will help maximize 

the performance of the soft robot.  

Table 2-3: Experimental results of Instron tensile test using 3 different silicone composites 

Sample Initial length (mm) Final length (mm) Elongation (%) 

EcoFlex 30 33 240 627 

EcoFlex 30 + VSB 33 255 672 

EcoFlex 30 + Thinner 33 430 1203 
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(a) 

(b) 

Figure 2-11: Experimental results of Dogbone tensile testing in Instron machine (a) Stress Vs. 
Strain for all silicone samples. (b) Load Vs. Extension for all silicone samples. 

 

2.9 Conclusion  

In this chapter the fabrication, annealing, and training process of TCP muscles is explained. 

Several experiments regarding the heat treatment of the muscle is conducted. Four 2PLY TCP 

muscles from 2 different spools were tested using electrical current and voltage control at a 50% 
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duty cycle  (30s ON and 30s OFF). It is concluded that one can visually deduct that TCP muscles 

that are lighter in color require more power to actuate. The change in color is due to the amount of 

silver particles found in the TCP muscles. Moreover, experimental results from tensile testing for 

several silicone composite samples was conducted. Three different silicone samples under ASTM 

D412 standard were fabricated using 100% EcoFlex 30, EcoFlex 30 + 10% by volume of vinegar 

and sodium bicarbonate mix, and EcoFlex 30 + 10% by volume of silicone thinner. The new 

composites were able to change the silicone’s base properties such as lowering the ultimate shore 

hardness with the addition of silicone thinner and introducing porosity with the addition of the 

vinegar and sodium bicarbonate mix. The silicone and silicone thinner mix proved to be more 

reliable compared to the other two sample as it is capable of elongating almost 1200% of its 

original length before breaking. While EcoFlex 30  has an ultimate elongation at 627% as well as 

producing higher extension of 200mm compared to the 110mm at the TCP’s maximum force 

capacity at ~4N. These results will help further investigate soft robotics and enhance their overall 

performance for different application and achieving a higher deformation at lower forces, hence, 

decreasing the number of muscles and power that is needed to actuate the soft robot. Further 

application studies are discussed in the next few chapters.  
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CHAPTER 3 

ACTUATION BEHAVIOR OF TCP EMBEDDED IN SILICONE FOR SOFT ROBOTS 

 
 
3.1. Introduction 

In this chapter, a novel artificial muscle embedded within silicone elastomer is discussed. The 

muscle is made by twisting and coiling a precursor fiber and applying heat treatment [46], The 

TCP muscles are embedded within the skin to allow for full control of the skin and allow us to 

mold and attain the desired shape. The muscles presented in this work are used as linear actuators, 

which will result in artificial skin that can freely bend at different points to create the desired 

movements. Moreover, it is also cost-effective and would be able to save more space compared to 

electrical and pneumatic actuators. There are no experimental results in the literature that show the 

actuation of the TCP muscles embedded in silicone. This is due to the recent introduction of the 

actuators to the robotic community. Such experimental result could be a good asset for modeling 

and simulation for other researchers as well for our future use and a better understanding of the 

structure. If we refer to the structures found in nature, we see different architecture of morphed 

structures from elephant trunk, caterpillar wave motion, to the fish motion. As seen on the right 

side of Figure 3-1such shapes could be achieved by changing the material and topology of our 

proposed structure to mimic those structures on the left side of Figure 3-1. 

Researchers are seeking to create robots that could conform to non-uniform objects during 

handling and manipulation. High-performance artificial muscles are the key factors that determine 
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the capabilities of a robot. Twisted and Coiled Polymer (TCP) muscle embedded in soft silicone 

skin solves some of the problems of soft robots in attaining morphed structure using low voltages, 

contrary to other technologies such as dielectric elastomer and piezoelectric. Furthermore, the TCP 

actuation system does not generate noise like pneumatic systems. The TCP embedded skin shows 

great promise for robotics to mimic the flexible appendages of certain animals.  In this chapter, we 

present experimental results on the effect of muscle placement and the thickness of the artificial 

skin on the actuation behavior, which can be used as a benchmark for modeling. We demonstrate 

the effect of three different skin thicknesses and three different muscle locations within the skin, 

by taking experimental deformation data from the stereo camera. In general, two modes of 

actuation (undulatory and bending) were observed depending on the muscle placement, skin 

thickness, applied voltage, and actuation time. The thinner skin showed two-wave undulatory 

actuation in most cases, whereas the 4 mm skins showed mixed actuation and the 5 mm skins 

exhibited one-wave undulatory actuation. In all cases, the increase in voltage resulted in higher 

magnitudes of actuation.  In addition, we showed consistent strain of the TCP muscles from 18 

samples from two batches that produced an average strain of 22%(batch 1) to 20%(batch 2) with 

a standard deviation of 2.5 to 1.8% respectively. 

3.2. Design and Fabrication of The Skin  

The embedded skin proposed for soft robots is made of TCP muscles and low-shore hardness 

silicone elastomer that has the equivalent stiffness to the soft tissue of animals. The fabrication 

process of the skin consists of three major steps: creating the skin molds, making the TCP muscles, 

and embedding the TCP muscle into the silicone material by casting a solution of room temperature 

vulcanized (RTV) silicone. The detail processes are explained in this section. 
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Figure 3-1: Flexible structures found in nature: (a) Elephant trunk,  courtesy of Yara 
Almubarak, (b) Caterpillar adulatory motion, courtesy of John Tann /Flickr, (c) Sting ray 
motion, courtesy of Gerard Soury/Oxford Scientific, (d) Electric ghost knife fish 

 
3.3. TCP Muscle Fabrication  

To study the effects of placement, 18 samples of 2-ply muscles, Figure 3-2 (a), were fabricated, in 

batch 1 and 2. In batch 1, the muscles were then annealed by suspending 350 g dead weight and 

(a) 
 
 
 
 

(e) 

(b) 
 

(c)  



 
 
 
 

 26 

applying an increasing voltage proportional to the length of the TCP muscle using (~1.2 x length 

of the muscle in inches[46, 53]) until the muscle reaches steady state. The muscles were then 

trained by applying a voltage equal to the last annealing voltage, 7V, and suspending a weight of 

200g as shown in Figure 3-2 (b). This voltage magnitude was applied to the muscles for 60 second 

period with 50% percent duty cycle (30 seconds ON and 30 seconds OFF). The process of training 

and annealing explained in chapter 2 was followed. Data such as diameter, loaded and unloaded 

length, voltage, current, and strain are collected in the last cycle. Batch 2 was made in similar way 

except 8V is used for annealing and training. Also there was some difference in the initial unloaded 

length of each muscle. The results are provided in Table 3-1. 

3.4. Skin Molds  

Three skin molds were created using computer aided design software (SolidWorks) and then 3-D 

printed using ABS material, shown in . Each mold is 140 mm long and 60 mm wide. The depths 

of each mold are 3, 4, and 5 mm respectively. Within the three molds are slots that are cut to a 

center depth of each skin. These slots provide three different muscle locations within the skin and 

are placed at 10, 15, and 20 mm from the outer edge of the skin, which are referred as the outer, 

middle, inner muscle locations respectively throughout the remainder of this chapter. 

We observed that the cycle of training and the annealing cycle discussed before caused an average 

actuation of 22 % (batch 1) and 20 % (batch 2). The strain was calculated by using equation 1  

 𝑆𝑡𝑟𝑎𝑖𝑛(%) = 	 ,-.,/
,/

	100                           (3.1) 

Where Lf is the loaded length of the muscle and Li is the initial length of the muscle before the 

applied voltage. 
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Table 3-1: Parameters of the TCPs during Training at 200g suspended weight, using 7V (batch 1) 
and 8V (batch 2) applied voltage 

Muscle UL LL UD LD AD SL I P P/LL 
 # mm mm mm mm mm % amps W W/cm 
 1 169 185 1.20 1.03 45 24.32 0.70 4.90 0.26 

2 190 210 1.10 0.89 45 21.43 0.66 4.62 0.22 
3 190 205 1.10 0.92 45 21.95 0.65 4.55 0.22 
4 175 181 1.20 1.00 46 25.41 0.70 4.90 0.27 
5 185 200 1.26 1.10 50 25.00 0.74 5.18 0.26 
6 165 180 1.19 1.05 40 22.22 0.65 4.55 0.25 
7 180 190 1.30 1.13 40 21.05 0.69 4.83 0.25 
8 170 180 1.12 0.95 40 22.22 0.76 5.32 0.30 
9 174 185 1.19 1.02 40 21.62 0.74 5.18 0.28 

 10 135 156 1.17 1.02 29 18.59 0.49 3.92 0.25 
11 134 158 1.18 1.04 28 17.72 0.44 3.52 0.22 
12 136 157 1.2 1.03 34 21.66 0.5 4 0.25 
13 136 156 1.2 1.03 32 20.51 0.52 4.16 0.27 
14 137 158 1.21 1.04 34 21.52 0.51 4.08 0.26 
15 139 162 1.2 1.04 26 16.05 0.44 3.52 0.22 
16 133 155 1.2 1.02 29 18.71 0.42 3.36 0.22 
17 135 154 1.19 1.03 30 19.48 0.42 3.36 0.22 
18 146 167 1.2 1.04 30 17.96 0.5 4 0.24 

 UL: Unloaded length, LL: Loaded length, UD: Unloaded diameter, LD: Loaded 
diameter, AD: Actuation displacement, SL: Loaded strain, I: Current, P: Power, P/LL: 
Power/Loaded length  

 

3.5. Embedding Process  

In order to achieve equal actuation on both sides of the skin, muscle pairing was required. Using 

the data from Table 3-1, muscles with approximately the same loaded strain and current were 

paired together to be placed in the same mold. For example, muscle #4 and #5 have loaded strain 

equal to ~25% and current equal to ~0.7A; and muscle #12 and #14 had strain equal to ~21% while 

currents equal to ~0.5A. The muscles were then placed within the slots of the molds, Figure 3-2 

(d) keeping in mind that the crimps will hold the same tension as the muscle equal to the tension 
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from the 200 g dead weight. Once placed in the desired slot within the mold, the Ecoflex-30 

material which consists of a 1:1 ratio mix of part A and B was poured as shown in Figure 3-2 (e) 

directly into the molds ensuring that the molds were full but not over flowing. All 9 molds were 

allowed to cure for at least six hours at room temperature of 21.10C. Three samples of the skin 

with equal spacing but different thickness are shown in Figure 3-2 (f).  

 
 

Figure 3-2: Fabrication of the TCP muscles and the skin: (a) All 18 TCP samples, (b) Muscle 
training setup(350g for annealing, 200g for training), (c) CAD model of the mold showing 
different muscle locations, (d) & (e) Schematic diagram of embedding process, (f) Final samples 
all thicknesses middle muscle position. 

3.6. Experimental Setup  

After fabricating the skin embedded with TCP muscles, tests were conducted to measure their 

performances. The experimental set up included the skin samples with embedded muscles, power 

supply, wires for electrical connection, Stereo camera (ZEDTM 2k stereo camera from Stereolabs 
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company) to capture the skin deformation. Copper wires were used to connect the TCP muscles to 

the voltage source, the skin was mounted on a flat surface, one end is securely fixed by applying 

a 500g weight, and the other end was set free to move. Black points were added on the edge of the 

skin to accurately quantify the data and obtain the skin deformation along the X, Y axis. While red 

points were used on a frame as a reference to be used in converting pixel values to mm. The 

experimental set up is shown in the schematic diagram,Figure 3-3 (a) and the actual picture is 

shown in Figure 3-3 (b).  

 

 
 
 

 

 
  

Figure 3-3: Experimental setup for testing the skin: (a) Schematic diagram, (b) Photograph of the 
actual test set up, (c) Side view of all skins with β = 40 mm & black points aligned, and (d) Top 
view of skin samples with black points. 
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3.7. Procedure for Testing The Skin  

The following steps were followed to measure the deformation of the skin when voltages of 9V, 

10V, and 11V were applied to the TCP muscles.  Lower magnitude of voltage did not provide 

significant actuation and therefore are not presented. The purpose of this experiment was to 

measure the type of deformations that are resulted according to the different thicknesses of the 

fabricated skin. Three different skin thickness, 3 mm, 4 mm, and 5 mm were tested. DC voltages 

were applied for 40 seconds for all the samples. After applying voltages, the skin was allowed to 

cool down for 5 minutes before it was used again for higher voltages to allow us to quantify each 

data set individually without the influence of previous experiments. This process was repeated for 

all 9V, 10V, and 11V. TCPs are low-speed actuators when stimulated by a square wave, similar to 

SMAs and this is due to the longer time they require to heat and cool the structures. In  embedded 

conditions within the skin, they require more time for heat dissipation. Therefore, sufficient time 

gap between experiments is necessary for such actuators.   

3.8. Determining the skin deformation using camera  

A stereo camera was used to measure skin motion following the flowchart is shown in Figure 3-4. 

Nine black points were added to skin separated equally to allow the camera to capture the skin’s 

deformation throughout the whole skin. Also, four red markers were used as a reference frame. 

The frame plane and the skin’s edge were parallel on the same axis. The camera was orthogonal 

to the skin edge, and the center of the left camera lens was aligned with the center point of skin’s 

edge, Figure 4.4c. The camera model is “ZED” from Stereolab. Generally, stereo cameras are 

modeled by two pinhole cameras[54]. A checkerboard was used to extract the camera’s parameters 

and lenses distortions [55-57]. The camera took a stereo image in every 10 second period for a 
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total time of 40 seconds. Then, the stereo images are rectified by the camera parameters. By trial 

and error, we did some basic operation (addition, subtraction, etc.) on color channels (red, green, 

and blue) of the left camera image to gain a proper single channel for each red and black marker. 

Then, binary images are extracted by thresholding. The binary images have some unwanted noise; 

these noises were canceled by using morphologically close image function. The result is two noise-

free binary images, one for the black markers and one for the red markers. Then, coordinates of 

the center of each marker were calculated in pixel and stored. In the end, the planar motion of 

black markers (skin) are computed in millimeter unit by the assumption of orthographic 

projections[57]. All the image processing as well as skin deformation analysis were done using 

MATLAB.  
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Figure 3-4: Flow chart of camera processing to determine skin deformation 
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3.9. Results and discussion  

3.9.1. Effects of variation of the muscles  

One of the concerns of the newly introduced TCP muscles is the reliability or the consistency of 

the actuation performance. To study the variation of strain, we made 18 muscle samples of lengths 

175mm± 9.2mm ( batch 1) and 136mm ± 3.8mm ( batch 2) with the same processing conditions. 

The muscles were tested under the same conditions, and the DC current consumption of each 

muscle was 0.59 A with a standard deviation of 0.12A. The power per loaded length of the muscle 

was on average 0.25 W/cm with a standard deviation of 0.02W/cm, Figure 3-5 (a).  All the 

electrical power are provided from direct current (DC) source, not AC source. The actuation strain 

was on average 22%(batch 1) to 20%(batch 2) with a standard deviation of 2.5 to 1.8% shown in  

Figure 3-5 (b).  The current (max 0.7A), power per length (max 0.3W/cm) and strain (max 25%) 

results for the muscles are shown in Figure 4.5. It should be noted that higher current magnitude 

of 0.3-0.5A are considered to be dangerous at a higher voltage. However the voltage magnitude 

and the frequency in which the skins is tested are low (max 11 V). Therefore, the electrical power 

applied will not be a major concern. In addition, the silicone skin as a dielectric material with high 

impedance prevent damage due to electrical shocks.   The actuation magnitude shown in Figure 

3-5 (b) demonstrates that the 18 muscles showed reliable strain to use them in many robotic 

systems. Therefore, the consistency and repeatability of the TCP muscles is very good when using 

the same precursor fiber and training method. When two different batched are prepared from 

different precursor fiber, some variations were observed. This could be due to the silver coating 

difference and slight manufacturing process steps. One of the drawbacks of TCPs is the efficiency 

which is low (1-2%) similar to shape memory alloy (SMA) actuators. 
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Figure 3-5: Experimental results of TCP muscles: (a) Electrical current [A]  and Power/Length 
[W/cm]  given to the TCP muscle samples, and (b) Strain of each TCP muscle samples, 16% to 
25% 

 
3.9.2. Effects of TCP muscle placement and skin thickness  

Before conducting the main experiment, there are several results that can be concluded about 

muscle placement and skin thickness. The TCP muscles were in tension during the molding by 

stretching them in the mold and crimping. When the skins were released from the mold, the tension 

in the muscles was transferred to the silicone skin. The resulting tension had varying effects on the 

skin based on the muscle placement and silicone thickness. The muscle placement within the 5 

(a) 

(b) 
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mm thick skin showed no visible effect. The muscle placement on the 3mm thick skin showed 

bulges on the inner positions (β= 20mm), while the middle and outer position showed no 

deformation (β= 30mm, β= 40mm) respectively. Figure 3-6 shows the structures of the skin 

fabricated for parametric study, from left to right, the skin thickness 5 mm to 3 mm with different 

spacing (β) along with the bulges at the edges are shown.  

 

 
Figure 3-6: Samples of all TCP embedded in skin: (a) 5 mm thick skin, (b) 4 mm thick skin, and 
(c) 3 mm thick skin. 

 
3.10. Actuation test of the TCP embedded skin  

All the skin samples discussed in the previous section were tested for performance. It was noted 

that all the skins did not actuate until a minimum of 8V was applied. As the voltages increased to 

a maximum of 11V, the actuations within the skins also increased and showed various morphed 

shapes. The specific shapes are dependent on the skin thickness and placement of muscles. Typical 

actuation of the skin can be described by Figure 3-7 in two different modes ( Mode I and Mode 

II). There are axial motion (XA) parallel to the muscles, there are transversal displacement and 

formation of bulges (YT, maximum vertical deformation), the period length between bulges (PA 

and PB), and (q) angle formed with the edge at the free end. 

 

5 mm 4 mm 3 mm 



 
 
 
 

 36 

 

 
Figure 3-7: Typical actuation mode of embedded TCP muscles showing axial and transversal 
motions: (a): mode I -deformation along X axis,  XA;  deformation along Y axis, YT;  closest 
peak distance from the fixed point, Pb;  farthest peak distance from the fixed point, PA. b Mode 
II- angle formed with the edge of the free end, θ 

 
3.10.1 Muscle pairing  

As discussed earlier, the muscle pairing was done based on the equal performance during 

actuation. Table 3-2 shows detailed information for muscle pairing for all skin thickness and 

muscle pairings. 

Table 3-2: Muscle pairing parameters according to data from table 1 
Skin thickness / muscle 
location 

Muscle Number # Strain (%) Current (A) 

3mm inner 1,6 24 - 22 0.70 - 0.65 
3mm middle 4,5 25 - 25 0.70 - 0.74 
3mm outer 17,18 19 - 18 0.42 - 0.5 
4mm inner 2,3 21 - 22 0.66 - 0.65 
4mm middle 10,16 19 - 19 0.49 - 0.42 
4mm outer 9,13 22 - 21 0.74 - 0.52 
5mm inner 11,15 18 - 16 0.44 - 0.44 
5mm middle 12,14 22 - 22 0.50 - 0.51 
5mm outer 7,8  21 - 22 0.69 - 0.76 

 

(a) 

(b) 
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3.10.2. Actuation behavior of 3mm thick skin  

First, the 3 mm thick skin with the inner muscle (β =20 mm) had already bulged structures due to 

the pre-stress. At the beginning of actuation at 9V (comparing t = 0s and t = 40s), the muscle 

deformed along the x-axis and y axis as shown in Figure 3-8 (a) (iii). At the higher voltage 10V, 

presented in Figure 3-8 (a) (ii), similar deformation was observed but with increasing magnitude. 

The top row of Figure 3-8 (a) shows that at 11V the waveform of the skin became higher. No 

significant change for PA and Pb was observed. Second, the skin with middle muscle location at (β 

=30 mm), at the 9V and 10V, the free end changed along the x axis slightly while the bulges 

increased in height which can be observed in Figure 3-8 (b) (ii-iii). At the higher voltage, 11V, 

Figure 3-8 (b) (i) shows the free end had changed significantly along the x axis and y axis similar 

to the previous voltages, as well as the free end lifted up with an angle of 480. The 9V showed two 

peaks (PA and Pb), while the 10V and 11V only observed one peak (PA). Third, the skin with the 

outer muscle (β =40 mm) was analyzed. The 9V actuation resulted the free end to lift with angle 

120 shown in Figure 3-8 (c) (iii). The change in XA was not significant. Both the 10V and 11V 

actuation resulted in an increase along the x axis and y axis. Moreover, it is observed that they 

both developed two peaks throughout the whole structure of the skin as seen in Figure 3-8  (c) (i, 

ii). Table 3-3 shows the deformation data for the 3mm thick skin for all muscle locations with 

respect to the characteristic curves shown in Figure 3-8. All comparisons were taken when the 

time was changed from 0 to 40s (black and red lines in the plots).  
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 Table 3-3: Actuation characteristics of 3 mm skin with different placement of muscles 
Muscle position Voltage 

(V) 
XA 

(mm) 
YT 

(mm) 
PA 

(mm) 
Pb 

(mm) 
q 

(deg) 
Inner,  β = 20 mm 9 9 14 80 37 0 

10 8 15 82 36 0 
11 7 14 83 38 0 

Middle β = 30 mm 9 2 5 105 62 11 
10 5 7 0 90 0 
11 7 10 0 80 39 

Outer β = 40 mm 9 5 10 0 90 12 
10 10 11 80 40 0 
11 12 14 77 40 0 
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Figure 3-8: Deformation of 3mm thick skin for various input voltages, at different times and 
muscle positions: (a)  β = 20 mm, (b) β = 30 mm, and (c) β = 40mm. [i] at 11V, [ii] at 10V, [iii] 
at 9V. 
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3.10.3. Actuation behavior of 4mm thick skin  

The 4 mm thick skin with inner muscle (β =20 mm) did not exhibit bulges like the 3mm thick skin. 

At all three voltages (9V, 10V, and 11V), similar actuations were observed. The free end lifted up 

with a maximum angle q of 600 and there was a slight change in XA as shown in Figure 3-9 (a) (i-

ii-iii). On the other hand, the skin with middle muscle (β =30 mm) acted differently. At 9V very 

little actuation was observed, the fixed end was lifted up (bending motion) of the skin as seen in 

Figure 3-9 (b) (iii). At 10V and 11V Figure 3-9 (b) (i-ii), the skin deformed linearly (XA), and two 

bulges were created in the skin with increasing magnitude as the voltage increased at 40 s actuation 

time. Furthermore, the skin with outer muscle (β =40 mm) showed significant deformation 

throughout all voltages. At 9V the free end lifted and deformed linearly along the x axis Figure 

3-9 (c) (iii). While at 10V and 11V, the free end lifted up significantly compared to 9V, with a 

difference of ~10mm. Two bulges were also created throughout the skin. All deformation data are 

demonstrated in Table 3-4. 

Table 3-4: Actuation characteristics of 4 mm skin with different placement of muscles 
Muscle position Voltage 

(V) 
XA 

(mm) 
YT 

(mm) 
PA 

(mm) 
Pb 

(mm) 
q 

(deg) 
Inner,  β = 20 mm 9 4 10 0 0 45 

10 10 25 0 0 66 
11 30 35 0 0 27 

Middle β = 30 mm 9 3 5 0 45 0 
10 14 15 88 45 0 
11 10 16 88 44 3 

Outer β = 40 mm 9 7 7 0 100 9 
10 11 13 95 55 26 
11 5 11 102 55 7 
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Figure 3-9: Deformation of 4 mm thick skin for various input voltages, at different times and 
muscle positions: (a)  β = 20 mm, (b) β = 30 mm, and (c) β = 40mm. [i] at 11V, [ii] at 10V, [iii] 
at 9V. 
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3.10.4. Actuation behavior of 5mm thick skin  

The 5 mm thick skin with inner muscle (β = 20 mm), for both 9V and 10V no actuation was 

observed as demonstrated in Figure 3-10 (a) (ii,iii). On the other hand, at 11V the skin formed 

significant deformation as it moved about both x and y axis. The free end also lifted at a maximum 

angle of q ~15 degrees measured from the midpoint of PA bulge. While the skin with middle muscle 

(β =30 mm) had actuation similar to inner muscle at 11V but larger in magnitude as shown in 

Figure 3-10 (b) (i,ii,iii). A significant difference in all parameters of XA, YT, and peaks (PA, Pb) 

was observed while still maintaining the same shape of deformation throughout all voltages. 

Additionally, the skin with outer muscle (β = 40 mm) did not show much change. Small bulges 

were formed throughout the edge of the skin, and little movement within the x axis was observed, 

seen in Figure 3-10 (c). Observing from Figure 3-10 (c) (ii), YT is moved slightly downwards due 

to the tension in the muscles where the skin formed bulges as the time increased. 

Table 3-5: Actuation characteristics of 5 mm skin with different placement of muscles 
Muscle position Voltage  

(V) 
XA 

 (mm) 
YT 

(mm) 
PA 

(mm) 
Pb  

(mm) 
q 

(deg) 
Inner,  β = 20 mm 9 0 0 0 0 0 

10 0 0 0 0 0 
11 17 25 0 80 15 

Middle β = 30 mm 9 12 20 0 83 4 
10 25 28 0 80 4 
11 21 30 0 70 3 

Outer β = 40 mm 9 0 0 0 0 0 
10 3 -3 43 75 0 
11 5 7 0 72 0 

 
Supplementary information about the skin characteristics are given in the appendix. Appendix A 

show the 3D plots (deformation along x-axis, y axis and time axis) as well as the snapshot of the 

skin at different voltage and time.  
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Figure 3-10: Deformation of 5 mm thick skin for various input voltages, at different times and 
muscle positions: (a) β = 20mm, (b) β = 30mm, and (c) β = 40mm. [i] at 11V, [ii] at 10V, [iii] 
at 9V. 
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3.11. Discussion on the actuation behavior of the skins  

 By observing the actuation results for different muscle placement and skin thickness, different 

soft morphed structures were obtained. These soft structures are dependent on the input voltage to 

the muscles (indirectly the heat provided to the muscles), the time the voltage is applied, the 

thickness of the skin, the placement of the muscles and the elasticity of the skin and the boundary 

condition of the skin. The embedded muscles required high voltage magnitude to actuate. This is 

because the heat of the muscle is taken by the elastomer skin due to conduction when heated, in 

embedded condition. Therefore, a higher voltage is required to raise the temperature via resistive 

heating. The higher the voltage, the more actuation/deformation was observed for all the skin 

samples (Figure 4. 8-10), this is obvious and to be expected. Considering the muscle placement in 

a skin sample, the increase of β caused different actuation results for all skin samples.  

• For 3 mm thick skin at constant voltage 9V, at β = 20 large bulges were observed; at β= 30 

smaller bulges at the middle were obtained, and at β= 40 no bulges were formed. Instead, 

the free end lifted up (mode II actuation).  This can be seen in Figure 4. 8 a-8c, all iii.  One 

of the reasons is that the bending moment is higher for outer muscle and this skin thickness 

(3mm). However, the smaller spacing resulted in local deformation and bulges (mode I 

actuation).  For this 3 mm skin and at a higher voltage (11V), the effect of β created mixed 

actuation (mode I and mode II, Figure 4. 8a-8c, all i).   

• For 4mm thick skin, at the same voltage (9 V), the increase in β didn’t have any effect on 

the mode of actuation, all are lifted up at the free end with angle θ (mode II), Figure 4. 9a-

9c, all iii.  At higher voltage (11V), mode I and II actuations were observed, Figure 4. 9a-
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9c, all i.  The reason for such variation is the combination of thickness, muscle placement,  

applied voltage and actuation time.   

• The same explanation applies to the 5 mm thick skin. The 5mm thick skin had only one 

bulge along the length. This is due to the thickness of the skin that prevents the formation 

of bulges, due to its higher bending stiffness.  Recently, we presented a study on 2-ply TCP 

muscles prepared in similar manner but slightly different and showed that an effective force 

of ~ 2.5 N for an applied power of 0.28W/cm[21] can be obtained. If the power changes 

from 0.21 and 0.17W/cm, the force reduces 2 N to 1.8 N.  Therefore, not only the force but 

the other parameters, thickness, spacing between muscles, elasticity of the skin and 

duration of actuation play the key role. It is difficult to explicitly state when the mode of 

actuation occur as it is the combination of the variables described above. 

It is concluded that this type of technology is very versatile. The soft robotic skin can be used in 

applications related to biomimetic robots both terrestrial and underwater robots.  The TCP soft 

skin actuation is similar to many animal movements such as the caterpillar, water creatures, or 

even the elephant’s trunk as discussed previously in Figure 4.1. We would be able to create robots 

that are similar to these animals without the use of servo motors, making this lighter in weight 

which gives them a more fluidic motion.  TCPs are extremely useful due to their high actuation, 

simple fabrication methods, and low cost. Some of the drawbacks of this actuators are the low 

efficiency and slow speed. This low efficiency and speed are the same for other smart materials 

such as shape memory alloy (SMAs). There are some solutions to improve the speed of the 

actuators such as using active cooling [58, 59], or pulsed actuation[21].  To improve the low 

efficiency, locking mechanism can be employed to conserve the energy usage[53].  
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3.12. Conclusion  

In this chapter, we showed experimental results on the actuation behavior of embedded 2-ply TCP 

muscles within the skin of 140 x 60 mm length and width. We quantified the effect of skin 

thickness and muscle placement. Results showed that both factors (thickness and placement) play 

a significant role in not only on the actuation behavior of the skin but also the skin’s overall 

appearance. In general, two modes of actuation (undulatory and bending) were observed 

depending on the muscle placement, thickness of the skin, applied voltage, and actuation time. The 

thinner skins (3mm) showed two-wave undulatory actuation in most cases, whereas the 4 mm skins 

showed mixed actuation (both undulatory and bending) and the 5 mm skins exhibited one-wave 

undulatory actuation (Figure 4.8-10). In all cases, the increase in voltage resulted in higher 

magnitudes of actuation.  The bulges produced by some of the skins are perfect for biomimetic 

soft robotics. To determine the reliability of the TCP actuators, 18 samples were fabricated and 

tested providing consistently an average strain of 21% with standard deviation of 2.5 %. Three 

different thicknesses (3, 4 and 5 mm) of skin were developed, each consisting of three different 

spacing (20, 30 and 40 mm gaps between two muscles) for muscle positioning that allowed us to 

study nine different muscle scenarios. These structures showed different morphing behaviors 

depending on the applied voltage and muscle configuration that can mimic the flexible structure 

of natural organisms such as a caterpillar, an elephant trunk, under water creatures such as ghost 

knife fish, and others. This conclusion is based on skins made from Eco-Flex 30 which is more 

rigid than other available silicones. Further testing should be done using another type of silicone 

elastomer to determine an optimized artificial muscle-skin structure. We hope that the results 

presented in this thesis will be relevant to other researches who would like to model the structure.
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CHAPTER 4 
 

DESIGN OF BIOINSPIRED HUMANOID ROBOT HEAD FROM SERVO MOTORS 
TOWARD ARTIFICIAL MUSCLES 

 
 
4.1. Introduction 

Humanoid robot heads that have embedded actuators within the elastomeric skin solve most of the 

problems of hardware integration and space requirement of peripheral elements. Presently most 

humanoid robotic heads use actuators such as the servo motors and pneumatic actuators to achieve 

head movements and facial expression. These actuators are expensive, bulky, heavy in weight, and 

take up a lot of space.  The use of embedded actuators will closely mimic the natural human head 

that consists of numerous muscles. Here, we present soft actuators based on twisted and coiled 

polymer (TCP) muscles within the elastomeric skin. The TCPs are made of silver-coated nylon 

6,6 following the common fabrication process: twisting, coiling, annealing, and training producing 

a strain average of 15.3% with a standard diviation of 2.4%. The fabricated skin was mounted on 

a 3D printed humanoid head. We showed several head movements and the six basic facial 

expressions. It is for the first time such significant improvement is shown in humanoid robots with 

facial expressions.  

4.2. Anatomy of Facial Expressions 

To determine the placement of the muscles in the face during the embedding stage, it was very 

important that we studied the anatomy of the face. This included studying the muscles necessary 
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to perform the six basic facial expressions such as happiness, sadness, anger, disgust, fear, and 

surprise [60]. Figure 4-1 shows TCP muscle placement similar to human facial muscles.  

Happiness: Happiness is comprised of the levator labii superioris, zygomaticus major, 

zygomaticus minor, and the levator anguli oris. The muscles are all generally located in the cheeks, 

and are responsible for making us smile. The zygomaticus muscles in particular are known as the 

“smile muscles.” The muscles embedded in the cheeks (LC1-3 and RC1-3) of the humanoid are 

placed in order to replicate the movement and anatomy of these specific muscles. 

Sadness: Sadness involves the corrugator, procerus, depressor anguli oris, and the depressor labii 

inferioris. These muscles are mainly located at the bottom center (under the bottom lip) and bottom 

corners of the mouth, and are what allow us to frown. Muscles ML, M, and MR, located in the 

humanoid are representative of these muscles, and are what replicate this emotion on the robot. 

Surprise:Surprise consists of the mandible rotation (open jaw), epicraneous frontalis (inner, 

medial, and outer), as well as the zygomaticus major and minor. All of these muscles together are 

what cause our jaws to drop and our eyebrows to raise when we are in shock. The muscles in the 

humanoid that are responsible for recreating this facial expression are LE1-2, RE1-2, F, and M.  

Anger:Anger is shown using the corrugator, procerus, levator labii superioris, depressor anguli 

oris, and the mentalis. The corrugator and procerus are responsible for showing angry, down-

pointing and disapproving eyebrows, and are shown on the humanoid using the LE1-2, RE1-2 and 

F muscles. Meanwhile, the depressor anguli oris and mentalis are responsible for making us frown 

when we are upset and angry. This movement is replicated on the humanoid by actuating muscles 

ML, MR, and M. 
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Fear: Fear contains the corrugator, epicraneous frontalis, risorius, and small angle mandible 

rotation. Small angle mandible rotation is what is seen when some people open their mouths 

slightly when they are afraid. This movement is accompanied by a raise in the eyebrows 

(epicraneuos frontalis). Fear is created in the humanoid by actuating the forehead and eyebrow 

muscles (F, LE1-2, and RE1-2) and the center mouth muscle (M). 

Dislike: Dislike is demonstrated with the use of the levator labii superioris, zygomaticus major and 

minor, epicraneous frontalis, mentalis, and depressor anguli oris. This expression is characterized 

by a distinct pinching of the center of the face. The nose and eyebrows scrunch inward towards 

each other with the help of the levator labii superioris, zygomaticus major and minor, and the 

epicraneous frontalis. This movement is replicated on the humanoid when the forehead (F), 

eyebrow (LE1-2, RE1-2) and upper cheek (LC1, RC1) muscles are actuated. The frown that 

accompanies this expression is created in human anatomy using the mentalis and depressor anguli 

oris, and in the humanoid using the mouth muscles (ML, MR, M). 

 

 

Figure 4-1: Map of facial TCP muscle anatomy 
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4.3. Fabrication   

Firstly, the mold fabrication is described followed by the process of creating skin is explained. The 

3D head model was fabricated using computer facial recognition program FaceGen. FaceGen 

creates faces from multiple 2D photos. By uploading the photos, front and side views, the program 

will instruct the user to click on significant points on the picture such as identifying the midpoints 

of the eyes, the edge of the nose, the edge of the lips, and chin as shown in Figure 4-2.(a). It will 

then regenerate the 2D picture into a 3D model, Error! Reference source not found. (b), which 

can be then saved, edited, and 3D printed as shown in Error! Reference source not found. (c). 

 

(a) (c) 
Figure 4-2: Developing head model (a) FaceGen 3D interface (b) STL file produced from 
FaceGen 3D (c) 3D printed head for mold fabrication. 

 

4.3.1. Mold fabrication  

The mold consists of polyurethane materials that was a mix of 2:1 ratio of part A and part B. 

Polyurethane(PMC 746) has a shore hardness of 60A which makes it extra rigid and allowing 

multiple skin samples from the same mold. The mold was created by pouring the polyurethane on 

the 3D printed head and allowing it to dry for 24 hours. Schematics diagram of fabrication is shown 

in Figure 4-3 (a-g). The printed head was screwed into place while keeping a distance of 5mm 

(b) 
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between the nose and the bottom plate of the enclosure. Figure 4-3 (a-c) shows the steps of creating 

the polyurethane mold. Liquid PMC is poured into an enclosure and the 3D printed head is placed 

in the material while its curing overnight. Figure 4-3 (d-e) show the placement of the smaller sized 

3D printed head in the PMC mold after curing. Figure 4-3 (f-g) shows the final schematics of 

fabricated silicone skin on 3D printed head.  

 

Figure 4-3: polyurethane mold fabrication process 

 
4.3.2. Skin fabrication  

A mix of EcoFlex 30 and vinegar and sodium bicarbonate is used to fabricate the elastomer skin. 

The addition of baking soda and vinegar creates bubbles that results in a porous material [61]. The 

silicone was added to the polyurethane mold and pressed using a 3D head smaller by 4% from the 

initial head used to achieve a gap of 4mm giving a uniform skin thickness. A General process for 

the skin fabrication is explained in Figure 4-4. 
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Figure 4-4: Block diagram of silicone skin fabrication for humanoid head. 

 

4.4. TCP muscle preparation  

Twisted and Coiled Polymer muscles were fabricated using an automated fabrication method as 

explained in chapter 2. In case of the muscles used in prototype 1, the voltage heat treatment was 

applied for annealing and training. In case of the muscles used in prototype 2 the current heat 

treatment was used for annealing and training.  

 
4.5. Design and experimental setup – prototype 1  

Lace fabric was embedded to the inside of the skin to achieve uniform actuation, seen in Figure 

4-5 (a). This method will help get uniform equal actuation in the desired sections of the skin. The 

lace material covers different surface areas and can either connect with the TCP muscle and servos 

either directly or through a tendon. During the actuation, the whole surface area of that skin will 

move in the direction of the actuation rather than a single point. For the two cases, we connected 

a stiff wire to the lace material on one end and the actuation mechanism on the other. By pulling 

the stiff wire in any direction, linear deformation would occur throughout the whole surface area 

of the embedded lace material. Moreover, this method will also help in the reduction of the number 
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of actuators needed to create deformation for one expression. Figure 4-5 (b) demonstrates actuators 

connections with the lace material embedded in the silicone.  

 
Figure 4-5: (a) Lace material embedded in silicone, (b) Embedded wires for actuation 
connections 

 
4.6. Results and discussion – prototype 1  

An experiment was done using both the TCP muscles and servo motors to create facial expressions 

on the face. Figure 4-6 shows a comparison between an initial position (before the deformation) 

and the final position (maximum deformation for TCP and servo motor). Figure 4-6 (a) show TCP 

muscle actuation at 1.2A while Figure 4-6 (b) shows the servo motor actuation at 0.45A. Figure 

4-6 shows the results of creating a smile using artificial muscles and servo motors. Table 4-1 

demonstrates data comparison between servos and TCP muscles. The deformation using motors 

was quick compared to the deformation using artificial muscles. The muscles required a lot more 

time to fully create the actuation needed. Only two actuators for each were used to form a smile. 

Servo motors used in this experiment were HS81 which operate at a variable range of voltages 4-
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6V while the use of TCP muscles is controlled by a voltage ranging at 12V. The muscles are much 

more cost effective than servos as they are almost 6 times cheaper than the servomotors used.  

 

Table 4-1: Comparison data between servo motors and TCP muscles 

Characteristic Servo Motor Twisted and Coiler Polymer 
Muscle ( TCP ) 

Time for Actuation 2 seconds 30 seconds 

Number of Actuators 2 2 

Voltage required 5V 12V 

Maximum current 0.45A 1.2A 

Price $26.00 $4 for 240 cm used 

 

Although the TCP muscle was slower than the servo in actuation it still produced very similar 

deformation as shown in Figure 4-6 (a) at a lower cost. The TCP muscles are flexible, small, light 

in weight, and cheaper compared to the servos which are significantly heavy and take up a lot of 

space. This means that we can increase the number of muscles used in the face to create more 

detailed facial expressions. Using servo motors is still beneficial if the desired facial features 

needed are simple. Smaller servo motors such as HS35 can be used, but typically they cannot 

handle the minimum force required to deform the skin. Therefore, using smaller servos will mean 

that the number of servos would increase to achieve the force required to create any deformation.  

As a result, it will also cause an increase in the price of building the humanoid head.  
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Figure 4-6: (a)Smile using servo motors. (b) Smile using TCP muscles. (c) open mouth using 
TCP muscles. (d) eyebrow movement using TCP muscles. (e) Head nodding using TCP muscles.  

4.7. Fully Embedded Actuators in elastomeric skin – prototype 2 

Inspired by the results achieved in prototype 1. Porotype 2 humanoid head was fabricated with 

fully embedded TCP muscles in silicone skin as shown in Figure 4-7. The face was also tested for 

several jaw actuations and facial expressions. 

(a)                                                                         (b) 

     (c)                                                                          (d) 

(e) 
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    (a)               (b)         (c)  

(d)  
 

         (e)  (f)  

Figure 4-7 : TCP based head Lilly 2.0 (a) Fully embedded TCP muscles in silicone skin as seen 
in the back. (b) Front view of humanoid head with embedded TCP muscles. (c) Back view of 
humanoid head embedded with TCP muscles (d-e) Fear and Happy facial expression actuated 
using embedded TCP muscle. (f) Anatomy of TCP muscle distribution in the human face.    

  

4.8. Skin fabrication – prototype 2 

EcoFlex 30 mixed with silicone thinner has been used as the silicone elastomer for the humanoid 

head. A similar process to prototype 1 was followed to mold the skin.  

4.9. Muscle pairing  

Muscles were paired together depending on their performance. In order to create as much 

symmetry in the face in terms of muscle movement. Muscles with similar amounts of percent strain 

and actuation were grouped together. As shown in Table 4-2, we aimed for roughly equivalent 

RC2

RC3

RC 1LC 1

LC2

LC3

ML1       M      MR1

LE2         LE1 RE1         RE2F
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actuation in the left and right rides of the face. With regards to the muscle placement, LE and RE 

stand for left eyebrow and right eyebrow, respectively, while F stands for the forehead. LC and 

RC stand for left cheek and right cheek, while ML, M, and MR stand for mouth left, mouth 

(center), and mouth right, respectively. 

Table 4-2: Data showing muscle placement within skin and muscles pairing 

 

4.10. Embedding  

The fabricated TCP muscles are embedded within the silicone skin. By fully embedding the TCP 

muscles it will allow us to create a safer interaction environment between the robot the user, allow 

for more sensors and equipment to be installed within the skull, as well as closely mimic the 
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biology and anatomy of humans and muscle distribution. We fully embed the TCP muscles in the 

silicone skin by cutting slits throughout the inside of the silicone skin and embedding the muscles 

and pouring silicone (fast curing silicone Ecoflex 35) on top as shown in Figure 4-8. 

(a)  (b) (c) 

Figure 4-8: samples showing embedding process of TCP within silicone skin. (a) cut slits (b) 
place muscles and secure with pins (c) pour fast curing silicone then allow for curing. 

 

4.11. Results and discussion  

Several facial expressions were tested for the silicone with the fully embedded TCP muscles. 

Figure 4-9 (a) and (d) show several simple facial movements such as open mouth and eyebrow 

movement. Figure 4-9 (b) shows the combination of these two-facial expression to result in 

surprise feature. The combination of different muscles can allow for the creation of more detailed 

facial features. The skin is fully embedded with 14 TCP muscles: 6 are used for cheek, 5 are for 

the forehead, and 3 are for the chin. Each simple facial feature will require 1-4 muscle activations 

while each detailed facial feature requires 4-6 muscle activations. For example, mouth utilizes one 

TCP muscle while eyebrows utilize 4 muscles, therefor, the surprise will require 6 muscle 

activations. This is very minimal in terms of space compared to the servo motor or pneumatic 
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actuation. Numerous TCP muscles can be embedded closer together to form more accurate facial 

features as there are no size or weight constraints applied to this design.  

(a)

  

(b) 

(c) 

 

(d) 

Figure 4-9: Humanoid facial expressions with fully embedded TCP.  (a) open mouth (b) surprise (c) 
smile and (d) eyebrow movement  

 

A preliminary survey was sent out in order to determine the accuracy of the facial expressions 

acquired in the experimentation process. In Figure 4-10, each picture was given in the survey and 

the responders were asked to label the expression that they believed matched the picture. The 

survey results were taken from the responses of 100 participants from various ethnic backgrounds. 
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The survey shows a maximum accuracy of 58% of the facial expression produced by the humanoid 

robot with embedded TCP muscles. 

 

 

 

Figure 4-10: Humanoid head with facial expressions. (a) Neutral (b) Disgust (c) Happiness (d) 

Surprise (e) Fear. The pie chart shows results obtained from the survey.  

4.12. Skeleton Head Jaw Actuation  

Three TCP muscles were embedded into 3D printed ABS plastic skeleton head. Two muscles 

(TCPa left of the skeleton, TCPb  right of the skeleton ) were connected to either side of the skeleton 

head and jaw while the third muscle (TCPc)  was connected to the bottom jaw and back of the 

skeleton. Both TCPa,b are used to close the jaw while TCPc is used to open the jaw. When 

simultaneously actuated, the jaw opened and closed mimicking actual human jaw movements. 

Actuated on 50% duty cycle of 30s ON and 30s OFF.  

Disgust Happiness Surprise FearNeutral

(a) (b) (c) (d) (e)
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Figure 4-11: TCP muscles embedded in 3D printed humanoid skeletal Jaw. (a) Skeleton with TCPa,b,c 

in initial unactuated position. (b) Skeleton with TCPa,b actuated. (c-d) side view of jaw actuation. 

 

4.13. Conclusion  

This chapter presents a 3D printed affordable humanoid face. Polyurethane is used to create a mold 

for casting the skin. Ecoflex-30 is used for skin material. Electrical servo motors are power 

efficient as compared to artificial muscles; however, they take more physical space and are much 

more expensive. Moreover, unlike TCP muscles, servos and pneumatic actuators produce 

unwanted vibration and noise that preclude the use of the robot. Prototype 2 demonstrated fully 

embedded TCP muscles within silicone skin mixed with silicone thinner. This is a first-time 

demonstration for humanoid skin or skeleton actuation using TCP muscles. Further studies can be 

done in order to make power consumption and actuation accuracy more efficient.  

 

 

 

TCPbTCPa

TCPc

(a) (b) (c) (d)
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CHAPTER 5 
 

EXPERIMENTAL CHARACTERIZATION OF BELL SEGMENT DEFORMATION OF 
UNDERWATER JELLYFISH-LIKE ROBOT USING SHAPE MEMORY ALLOYS 

(SMA) 
 
 
5.1. Introduction 

Jellyfish are soft body underwater animals. Their body consists of a circular round dome-shaped 

bell and long tentacles. The round dome controls the locomotion of the jellyfish as it contracts 

capable of moving in any direction it desires. Moreover, the jellyfish uses its tentacles to protect 

itself from other predators. The natural design of the jellyfish inspires researches to create soft 

robots similar to jellyfish that are actuated by artificial muscles. These soft robots could be used 

for underwater exploration, by using lightweight artificial muscles that allows for the addition of 

sensors and other exploration devices. In this chapter we provide a new jellyfish design focused 

on the bell segment deformation.   

5.2. Design of the Jellyfish and Structure  

The design and fabrication of the structure of the jellyfish were based on real jellyfish found in 

nature as shown in Figure 5-1. Based on the prior work on hydrogen fuel powered jellyfish [62]. 

The 3D printed mold design consists of eight hollow tubes that mimic the tentacle of the jellyfish 

while the bell is fabricated using silicone EcoFlex-30 as shown in Figure 5-2.  
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Figure 5-1: Jellyfish found in nature, Cynea. Courtesy of Armita Hamidi, photograph taken at 
California Aquarium.  

 
The hollow tubes in the 3D printed base, Figure 5-2 (a) are the housing for 8 muscles. The muscles 

used are shape memory alloys (SMA). The bell is cut into eight sections, and each section is 

linearly actuated by an SMA muscle. This jellyfish design will be beneficial for future work that 

will be focused on artificial muscle cooling where some cooling fluids, liquid or air, can be passed 

through the channels in order to cool the SMA muscle faster.  

(a)  
(b) 

Figure 5-2: (a) 3D printed skeleton structure of the Jellyfish. (b) Molded silicone bell on the 3D 
printed structure with 1 spring embedded in each bell segment. 

Silicone Spring 
Steel 

ABS 
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5.3. Silicone fabrication process  

The silicone material used is EcoFlex 30. Whos properties have been discussed in chapter 3. The 

jellyfish is fabricated using several steps. In Figure 5-3 (a) pulleys are connected to each of the 8 

sections. The pulleys work as guides when the muscles are actuated. Then, Figure 5-3 (b) shows 

the addition of spring steels. Spring steels are used to help the silicone bell spring back to its 

original position after actuating faster. The bending of the spring steels will help create a smoother 

round silicone bell mimicking the natural look of the jellyfish. Figure 5-3 (c) and Figure 5-3 (d) 

shows the addition of bottom and top mold that houses the silicone for curing. When adding the 

silicone, the whole structure is inverted, and silicone is injected through several holes and allowed 

to cure overnight. The addition of color, silc pig, is also for aesthetic purposes. Figure 5-3 (e) 

shows the jellyfish after silicone curing and demolding. Figure 5-3 (f) shows the final fabricated 

jellyfish as well as the addition of silicone flaps to increase the overall passive area of the bell. 
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(a) 
(b) 

(c) 

 
 

(d) 

 (e) 
 

(f) 

Figure 5-3: Fabrication of the jellyfish-like robot (a) Pulley in the jellyfish skeleton. (b) Spring 
steels and bead wire on the jellyfish skeleton. (c) Bottom part for silicone molding. (d) 
Attachment of top part for silicone mold and final position for silicone mold and final position 
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for silicone molding. (e) Jellyfish with no added flaps. (f) Jellyfish with the addition of two 
flaps. 

 

(a) (b) 

 
(c) (d) 

Figure 5-4:  (a) Jellyfish found in nature. (b) Prototype 1. (c) Prototype 2 “Pink Jelly.” (d) 
Prototype 3 “Blue Jelly.” 

 
5.4. Muscles and Integration Method  

Shape memory alloys (SMA) are used as the main actuator of the silicone bell. The SMA used is 

0.0005” in (0.0127 mm) diameter and 95 mm in length. The SMA’s are provided by Dynalloy. 

Inc. Each bell segment is actuated using 4 SMA muscles connected in parallel. Using 4 SMA 
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muscles for each bell allows for better actuation as it can attain higher actuation force than one 

SMA muscle. Figure 5-5 shows samples of 4 SMA’s connected in parallel.    

 

The standard current consumption for one SMA of 0.0005” diameter is 0.32A. Therefore, making 

the combination of 4 muscles equal to 0.32*4 ~= 1.3A. At this standard value, the muscle can 

cause actuation 4% of its original length. Hence, for 95 mm it would actuate 3.8mm.  The muscle 

embedding process consists of several steps. While fabricating the silicone bead wire is embedded 

into each bell section. The bead wire is passed through guides and connected to the SMA muscles. 

First, bead wires are embedded in the silicone by casting. Second, copper wires are soldered on 

the crimps on both ends of the SMA wires. Third, the SMA are connected to the embedded bead 

wire. Fourth, the beadwire is pulled away which causes the SMA to be fed into the tube. Lastly, 

the bead wire is tied to the spring steel with some tension.  Figure 5-6 (a) shows a schematic 

diagram of all jellyfish components. Using this embedding method, the SMA is fixed at the bottom 

end and actuate linearly by pulling the bead wire which causes the silicone bell to actuate, the 

actuation vector directions are explained in Figure 5-6 (b). The initial and final position of the 

silicone bell is shown in Figure 5-6 (b).  

 
Figure 5-5: SMA muscle sample  
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 (a) (b) 
Figure 5-6: (a) Schematics of muscle embedding process. (b)Schematics showing actuation 
vector directions. 

 

5.5. Experimental setup- Air and Underwater actuation  

Figure 5-7 (a) and (b) show schematics of the experimental set up for air actuation and underwater 

actuation of the prototype consecutively. The experimental set up included a power supply, 

camera, computer software “tracker.”  The jellyfish was connected to the power supply via copper 

wires, and a camera was fixed on a tripod placed directly in front of the jellyfish to capture 

actuation videos. The videos are then uploaded to “tracker” software to be analyzed for 

deformation data.  
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(a) 

 
 (b) 

Figure 5-7: Schematics diagram of the experimental set up for (a) Air actuation , (b) Underwater 
actuation.  
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5.6. Actuation Experiment  

Several experiments were conducted to analyze the optimal power vs. deformation parameters for 

actuating the jellyfish bell. SMA’s are linear actuators that are able to provide an actuation strain 

of 4% of its original length. The design parameters allow for the integration of a 95 mm SMA 

muscle which will result in a 3.8mm maximum deformation of the silicone bell. These parameters 

are assumed that the muscle is not facing any opposing forces. Moreover, SMA the standard 

current parameters of the SMA (0.32A) provided by the manufacturer is based on a million cycle 

slow actuating analysis. In our case, it is crucial to increase the actuation deformation and decrease 

the time. As a result, several studies were conducted to optimize the silicone bell deformation. The 

jellyfish was tested under different variables such as an increase in current (A) provided for 

actuation, decreasing the time (s) of actuation, increasing the flap length, and varying the number 

of spring steels (K) embedded in the silicone bell. Figure 5-8 shows the input current vs. time 

parameters for the tests conducted. The tests were conducting by applying three pulses. Data on 

the actuation of the bell segments were collected for all 3 pulses but only second pulse (P2) was 

used for analysis 
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Figure 5-8:  Input Current Vs. Time indicating the “heating” and “cooling” time and number of 
pulses. tp: Peak Time. tl: Low Time. tc: Cooling Time. ta: Actuation Time. tT: Total Time. Ap: 
Peak Current. Al: Low Current. P1: First Pulse. P2: Second Pulse. P3: Third Pulse 

 

 
 

Figure 5-9: Schematics of jellyfish silicone flaps, short (a+b) and long (a+b+c). Number of 
springs (nK) where n = 1,2,3…etc. 1 spring = 1K, 2 springs  = 2K, … ,5 springs = 5K. 

 

Data taken on 
the 2nd pulse  
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5.6.1. Experiment 1, Actuation of Short Flap (a+b), Springs nK (n = 1,2,3)  

The first experiment was conducted varying two parameters which are the current value (A) and 

the number of steel springs embedded in silicone (K). The experiment was conducted on the shorter 

silicone flap length (a+b) as shown in Figure 5-10 as well as nK (n = 1,2,3) springs. Several red 

pins were added on the surface of the silicone to allow for easy tracking using the tracker software. 

The point highlighted in Figure 5-10 is used for data collection.  

 
 

Figure 5-10: (a) Image showing the location of Point A within the silicone bell for experiment 
1- short flap (a+b) for spring K(1,2,3). 

Experiment 1 was conducted with an increase in current parameters from the standard value. Tests 

were conducted by pulsing and following the input profile. The actuation parameter are provided 

in Table 5-1: pulse actuation current parameters. 

Table 5-1: pulse actuation current parameters 
Ap  Peak Current (A) Al Low Current (A) 
1.3 0.9 
1.6 1.2 
1.8 1.4 
2.0 1.6 
2.2 1.8 
2.6 2.2 

The deformation of the bell segment was obtained from 5.1  
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• Deformation = 7(𝒙𝒇𝒊𝒏𝒂𝒍 − 𝒙𝒊𝒏𝒊𝒕𝒊𝒂𝒍)𝟐 + (𝒚𝒇𝒊𝒏𝒂𝒍 − 𝒚𝒊𝒏𝒊𝒕𝒊𝒂𝒍)𝟐  (5.1) 

 
5.6.2. Experiment 2, Actuation of Long flap (a+b+c), Springs nK (n = 1,2,3) 

After analyzing the data obtained from experiment 1 experiment 2 was conducted in an attempt to 

further enhance the silicone bell actuation. Another silicone flap was added creating a longer bell 

segments as shown in Figure 5-11, long flap (a+b+c). It is noted that results in the first experiment 

that provided ³10mm deformation were repeated in experiment 2.  Figure 5-12 (a) shows the new 

location of the tracked point. After conducted the experiment it is observed that the actuation 

behavior has decreased. This is due to the increase of the silicone flap length which decreased the 

free space it can actuate in. The silicone bell was obstructed by the 3D printed structure as shown 

in  Figure 5-12 (b).  

 
 

 

(a) 

 

 
 (b) 

Figure 5-11: (a) Image showing the new location of Point A, long flap (a+b+c) and three springs 
in parallel 3K. (b) Image showing constraint with the addition of the new flap 
 

 

 

Previous 
point 
location  
 
 
Point A  

 

Tube restricting the 
silicone when actuating   
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5.6.3. Experiment 3, Actuation of Long flap (a+b+c), Springs nK (n = 4,5) 

Similar to the first two experiment, experiment 3 was conducted under the same current 

parameters. Due to the observations found in experiment 2, experiment 3 was conducted under the 

same long flap (a+b+c) but with the embedding of 4-5 springs K(4,5), further experimental details 

can be found in B.1 appendix B. The addition of springs makes  the  silicone bell to rise up more 

due to the round curvature of the spring steel, therefore, allowing for more free space for it to 

actuate.  Figure 5-12 shows the constraint found in experiment 2 eliminated due to the increase in 

number of springs.  

 

 

 
 

 Figure 5-12: Image showing sample at 4 springs not obstructed while actuating, long flap 
(a+b+c) and K(4) 
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5.6.4. Experimental Results Combined Experiments 1 and 2 and 3 
5.6.4.1. Comparing using Current Values  

Figure 5-13 shows summary of experiments 1,2,3 combined with maximum deformation values 

illustrated in the bar graphs. It can be concluded the for nK (n = 1,2,3) the addition of longer flap 

(a+b+c) caused for a decrease in deformation. The addition of nK(n = 4,5) on the longer flap 

(a+b+c) resulted in the highest deformation for all current values.  

The results can be used as a base for optimizing the performance of the jellyfish while actuating 

in air according to different parameters. It can be seen that when using standard current value of 

1.3A the highest deformation is at 4K, which is also increasingly consistent for all 2.0A,2.2A, and 

2.6A. The data can be used as a selection set for the different design parameters that can be 

implemented in the jellyfish.  

5.6.5. Experiment 4, Full Jellyfish Air actuation  

Experiment 4 was conducted by actuating all the jellyfish flaps taking into account the data 

collected in experiments 1,2, and 3. The data collected in the previous experiments resulted in the 

fabrication of second generation jellyfish prototype, Pinkjelly. This prototype includes the increase 

of curvature of the spring steels which will increase the free space allowed for the silicone bell to 

actuate. As a result, only one spring 1K was embedded in the silicone, therefor, the force required 

to deform the silicone bell was also decreased.  
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Figure 5-13: (a) Actuation Summary for max deformation VS flap length.(1) 1.3A 
current   (b) 1.6A current. (c) 1.8A current. (d) 2.0A current. (e) 2.2A current. (f) 2.6A 
current. 

 
 
Experimental data comparing actuation VS number of embedded spring steels is shown in 
Appendix B. As well as all data for deformation vs time is plotted.  
 
Each silicone bell requires a standard 1.3A for actuation. Applying that to all 8 flaps results in a 

total electrical current of 10.4A. Experiment 4 was conducted under 3 different parameters  

• The values were  

o (a): Ap = 7A, Al = 3A – Below the standard value 

o (b): Ap = 10A, Al = 6A – standard SMA actuation value 

o (c): Ap =  14A, Al = 10A – above the standard value  
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In experiment 4, it is observed that the increase in current results in the increase of deformation of 

the silicone bell. The maximum current of 14A caused a total deformation of 12mm, the data is 

plotted in Figure 5-14 (c).  

(a)  (b) 

 
 (c) 
Figure 5-14: Full Jellyfish bell actuations Short Flap (a+b) with 1K spring, (a) Initial position at 
0s, (b) 14A max and 10A min. (c) Plot of deformation values for (b), (c) , and (d). 
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5.7. Underwater Actuation 

5.7.1. Sealing method  

It is very crucial that the internal component of the jellyfish such as the actuators are not exposed 

to any water while actuating underwater. If submerged in water, it could cause a significant 

reduction in actuation as well as introduce quenching to the muscles while actuating at high 

temperatures. Flex seal is a rubber coating spray that is typically used to seal crack and holes from 

water exposure. Before curing it is in liquid form while after curing it turns into flexible rubber. 

Flex seal was sprayed several times on the jellyfish 3D printed structure in order to ensure the 

watertight structure and protect the internal components from any water exposure.  

 
5.7.2. Experiment 5, Pinkjelly Actuation for Short flap (a+b) and K(1).  

After conducting several air experiments. The jellyfish was then tested underwater. Due to the heat 

transfer conditions underwater vs. heat transfer conditions in air and well as the forces or water 

pressure applying against the silicone bell the jellyfish bell did not actuate at the current parameters 

of 1.3A-2.6A. As a result, the silicone bell was tested under higher current values with a minimum 

of 3A and a maximum of 8A. Moreover, the SMA was “pre-primed” by allowing it to actuate more 

than 3 pulses as it requires more time to reach its actuating temperature underwater compared to 

air conditions. Figure 5-15 shows deformation resulted for different current values of the bell 

segment. Initially, from this experiment, it is concluded that the maximum deformation is found 

using Ap = 4A which results in 15.5mm deformation of 1 silicone bell segment.   
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Figure 5-15: Underwater actuation for one bell segment with four spring steels (4K)  and (a+b+c) 
long flap length 

 
 

5.7.3. Experiment 6 Pinkjelly Short flap (a+b) and K(1). 

The second experiment was conducted on all silicone bell segments. The optimal actuation value 

found in the experiment was 4A, applying it to the whole jellyfish would require 32A. Due to the 

power supply limitation, the test was conducted at 30A.  

It is observed that while experimenting only few silicone segments were visibly actuating rather 

than all 8. Figure 5-16 shows the actuation of one bell segment in underwater. The decrease in 

actuation as shown in Figure 5-16 (b) can be caused due to a lot of factors such as an increase in 

water pressure, unequal power distribution, change in temperature conditions, or the SMA is 

damaged due to the high-power input.  
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(a) 

(b) 
Figure 5-16: (a) Pink Jelly fully submerged underwater. (c) Underwater actuation 
deformation results for fully submerged pinkjelly. 
 

5.8. SEM Imaging  

High power input can cause the SMA muscles to get damaged after applying them for a few cycles. 

The standard value of 1.3A allows the SMA to actuate under a million cycles while the increase 

in power can cause the cycles to decrease as much as 10 cycles. An SMA that has been used in all 

the experiments was taken for observation. As seen in Figure 5-17, the used SMA (right) was 

significantly different from a new unused SMA (left), the muscles were lighter in color and more 
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fragile. Simple actuation test under 50g was conducted for both samples; the new SMA resulted 

in 4% actuation while the used SMA only resulted in 2% actuation.  

Scanning Electron Microscopy (SEM) is a technique used to produce images of samples in scales 

as small as 1 nanometer. SEM imaging scans the surface of the sample by focusing a beam of 

electrons. SEM imaging was conducted on both SMA samples, Figure 5-18 (a-b) shows the new 

SMA samples. It is observed that this sample has a smooth surface with very minimal defects. 

While Figure 5-18 (c-d) shows the used SMA sample. It is observed that the surface of this sample 

is rough and has a lot of defects, this means that the muscle is damaged.  

  

 
 

Figure 5-17: Close up of damaged SMA on right VS new SMA on left 
 
 

It is important to conduct more experiments on the SMA muscle by itself to find the highest 

possible power value that can be used for underwater actuation without damaging it. Tests were 

conducted in underwater conditions for 3 pulses starting with 3A. after 6 pulses and reaching 5A 

the actuation has significantly decreased as shown in Figure 5-19 which gives the current value 

that would cause the SMA to be damaged. At 5A electrical current, there was no more than one 
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cycle observed. The muscles can be damaged faster due to it not cooling down enough, therefore, 

with each pulse it keeps increasing in temperature and reaching its temperature thrush hold faster.  

(a) (b) 

(c) (d) 
Figure 5-18: (a) SEM imaging of new SMA wire at 20 µm. (b) SEM imaging of new SMA wire 
at 10 µm. (c) SEM imaging of used SMA wire at 20 µm. (d) SEM imaging of used SMA wire 
at 10 µm 
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Figure 5-19: Deformation (mm)  vs. time (s)  for underwater SMA actuation 

 

5.9. Conclusion  

This chapter discusses the fabrication, design, and experimental charactrization of several jellyfish 

prototypes under different actuation parameters such as a change in flap length, change in a number 

of embedded spring steels, change in power input, and change of overall geometry of the silicone 

bell. This study plays as a role for introducing cooling techniques while actuating. Several 

Jellyfishes actuated by SMA muscles have been previously introduced by researchers, in all 

studies, the SMA muscles were directly embedded in the silicone, therefore, cooling techniques 

couldn’t be applied. In order to increase the power efficiency and the frequency of the Jellyfish, 

further studies need to be conducted with cooling techniques and other options. 
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CHAPTER 6 
 

CONCLUSION AND FUTURE WORK 
 
 
The objective of this thesis was to study the application of artificial muscles such as shape memory 

alloys (nitinol SMA) and twisted and coiled polymer muscles (nylon 6,6 TCP) on different robotic 

structures. This study plays an important role for modeling and simulation of these artificial 

muscles. It discussed the previous works conducted in the field of humanoid and underwater soft 

robotics. The fabrication and preparation of the different actuators used, and the soft silicone 

material was also discussed. We showed several characterization results that focus on the actuation 

performance and power consumption for TCP artificial muscles as well as the performance of the 

elastomeric (silicone) materials.  

Chapter 2 discusses the fabrication and characterization of the TCPs in general. It is shown that 

TCP muscles with higher silver content will require more power to actuate. Also, a linear 

relationship of power input and deformation with respect to time can be concluded.  Moreover, 

preparing 10% by volume of silicone thinner with EcoFlex 30 showed two times better 

deformation than its original base (EcoFlex 30). Silicone thinner composite (10% vol) produced 

1200% strain at break and at 0.2 MPa stress (4N load) it produced 600% strain (200mm 

displacement). On the other hand, EcoFlex 30 (0% vol) produced a 620% strain at break and 400% 

strain (100mm displacement) 0.2 MPa stress (4N load).  

Chapter 3 shows the integration of 18 TCP muscle samples in soft robotic skin that exhibited 

average strain of 22-20% with a standard deviation of 2.5-1.8%. Actuation testing was conducted 

which showed two modes of actuation, undulatory and bending, depending on the actuation time, 
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input power, silicone skin thickness, and muscle location within the skin. Characterization was 

done for 3mm,4mm,and 5mm thick skin with inner, middle, and outer TCP muscle placements. 

This characterization is important in quantifying parameters for soft robotic design purposes.  

Chapter 4 presents a facially expressive humanoid robotic head. Studies such as enhancing the 

design of the robotic head as well as avaluating the interaction between the human and the robot 

were done. Due to their size, weight, and flexibility, TCP muscles were embedded into the 

humanoid skin that was made out of silicone. The TCP muscles were embedded in the silicone 

according to human muscle anatomy. Muscle pairing was conducted in order to achieve symmetry 

between the two halved of the robotic head when actuating. Actuation was conducted on humanoid 

robotic skins using EcoFlex 30 and vinegar and sodium bicarbonate composite (prototype 1) and 

EcoFlex 30 and silicone thinner composite (prototype 2). Several facial movements were shown 

such as happiness, surprise, eyebrow movements, and open mouth. Moreover, head movements 

such as nodding and jaw actuation are also presented. The combination of these facial movements 

and head movement together would also create numerous more detailed facial features such as 

anger, surprise, and disgust.  

Chapter 5 discusses an underwater jellyfish that was fabricated and actuated using shape memory 

alloys. Unlike the TCP muscles in the soft robot and humanoid head presented in chapters 3 and 

4, the shape memory alloys were not embedded within the silicone bell of the jellyfish. The SMAs 

were placed within the 3D printed structure of the jellyfish robot. This design plays an important 

role in the introduction of the cooling effect on artificial muscles. Several characterizations for the 

silicone bell deformation were conducted according to change in input power, bell segment length, 

and number of spring steels embedded. It was shown that at higher power input a larger 
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deformation will be obtained. SEM imaging was conducted on actuated SMA muscles in order to 

determine the threshold of maximum input power and number of cycles the SMA muscle can 

withstand before damaging.  It is determined that at three times the standard muscle power input 

the muscles get damaged.  

Future work must be done in order to fully understand and enhance the performance of the different 

robotic applications discussed in the previous chapters. The robotics field is rapidly changing. 

Topics such as design optimization, modeling, simulation, and robotic control should be studied. 

In the case of the soft robot discussed in chapter 3, many design changes can be implemented 

according to the results obtained such as the integration of several skins together to mimic the 

movements of a starfish, or a snake like robot. In the case of the humanoid head discussed in 

chapter 4, further embedding of TCP muscles and studying the heat transfer between the silicone 

skin and the TCP muscle while actuating would be beneficial to reduce breakage and enhance 

performance. Moreover, in the case of the under-water jellyfish in chapter 5. Active cooling tests 

should be conducted for underwater actuation.  
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APPENDIX A 
 
 
Supplementary information  

 

 

 

 

 

 

 

Fig. A1 The deformation of the 3 mm thick skin for 
various input voltage and at different time, and muscle 
position for (a)  b = 20 mm, (b) b = 30 mm, and (c) b = 
40mm. [i] at 11V, [ii] at 10V, [iii] at 9V. 

Fig. A2 The deformation of the 4 mm thick skin for 
various input voltage and at different time, and muscle 
position for (a)  b = 20 mm, (b) b = 30 mm, and (c) b 
= 40mm. [i] at 11V, [ii] at 10V, [iii] at 9V. 
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Fig. A3 Snapshots of 5 mm skin for various input voltage and at different time, and muscle position for: (a) b = 20mm,  
(b) b = 30mm, and (c) b = 40mm.  

(a) 
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Appendix B 

 
 

                    Table 1: Summary of jellyfish bell segment deformation experiments actuated using SMA  
 

Current 
Number 

of 
springs 

Actuation time Cooling 
time Total time Deformation 

x 
Deformation 

y Total Deformation 

(A)   (s) (s) (s) (mm) (mm) (mm) 

1.30 

1.00 1.50 7.00 8.50 6.04 4.38 7.46 

2.00 1.50 7.00 8.50 4.85 4.51 6.62 

2.00 1.50 10.00 11.50 10.08 6.68 12.09 

3.00 1.50 10.00 11.50 9.11 5.27 10.53 

3.00 1.50 12.00 13.50 6.78 5.28 8.59 

4.00 1.50 10.00 11.50 13.43 -6.00 14.71 

5.00 1.50 10.00 11.50 10.28 -5.28 11.56 
        

1.60 

1.00 1.10 7.00 8.10 8.99 6.01 10.81 

1.00 1.10 9.00 10.10 9.44 3.93 10.23 

2.00 1.10 12.00 13.10 9.76 4.70 10.84 

3.00 1.10 14.00 15.10 5.62 3.76 6.76 

4.00 1.10 10.00 11.10 10.85 -5.64 12.23 

5.00 1.10 10.00 11.10 9.86 -5.81 11.45 

         

1.80 

1.00 0.60 9.00 9.60 7.34 4.69 8.71 

1.00 0.60 12.00 12.60 5.47 3.01 6.24 

2.00 0.60 12.00 12.60 4.66 3.94 6.10 

3.00 0.60 12.00 12.60 7.18 7.35 10.28 

3.00 0.60 14.00 14.60 5.32 4.51 6.97 

4.00 0.60 12.00 12.60 7.13 -4.11 8.23 

5.00 0.60 12.00 12.60 13.72 -5.17 14.67 
        

2.00 

1.00 0.38 9.00 9.38 5.65 2.63 6.23 

1.00 0.40 14.00 14.40 10.63 5.73 12.08 

1.00 0.60 16.00 16.60 6.26 3.93 7.39 
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2.00 0.60 14.00 14.60 9.60 6.77 11.75 

2.00 0.60 16.00 16.60 5.68 4.53 7.26 

3.00 0.40 14.00 14.40 6.05 4.90 7.78 

4.00 0.60 14.00 14.60 18.46 -9.21 20.63 

5.00 0.60 14.00 14.60 13.93 -8.47 16.31 
        

2.20 

1.00 0.40 12.00 12.40 11.26 7.58 13.58 

2.00 0.40 12.00 12.40 6.85 5.38 8.71 

3.00 0.40 12.00 12.40 5.96 6.41 8.76 

4.00 0.40 16.00 16.40 18.35 -9.01 20.44 

5.00 0.40 16.00 16.40 14.42 -6.98 16.02 
        

2.60 

1.00 0.40 14.00 14.40 8.69 6.59 10.90 

2.00 0.40 14.00 14.40 6.38 4.88 8.03 

3.00 0.40 16.00 16.40 5.38 4.15 6.80 

4.00 0.40 16.00 16.40 16.91 -10.53 19.92 

5.00 0.40 18.00 18.40 15.65 -10.28 18.72 
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(a) 

(b) 

(c) 
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(d) 

(e) 

(f) 
Figure 1B: (a) Actuation Summary under 1.3A current. (b) 1.6A current. (c) 1.8A current. (d) 
2.0A current. (e) 2.2A current. (f) 2.6A current. 
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(a) 

(b) 

(c) 
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(d) 

(e) 

(f) 

(g) 
Figure 2B: (a) Actuation Summary for 1 Spring steel K(1) spring embedded in silicone shorter 
flap (a+b) length. (b) K(1)spring ,  (a+b+c) flap length. (c) K(2) spring , (a+b) flap length. (d) 
K(1) spring  ,(a+b+c) flap length. (e) K(3) Spring, (a+b+c) flap length.. (f) K(4) springs, 
(a+b+c) flap length . (g) K(5) springs, (a+b+c) flap length 
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Figure 3B: Bar plot of Number of springs VS Maximum deformation of silicone bell for each 
current value. 
 

 
 
 
  

15

12

8

21 20 20

L O N G

DE
FO

RM
AT

IO
N

FLAP LENGTH

4 SPRINGS
1.3A 1.6A 1.8A 2.0A 2.2A 2.6A

12 11

15 16 16

19

L O N GDE
FO

RM
AT

IO
N

FLAP LENGTH

5 SPRINGS
1.3A 1.6A 1.8A 2.0A 2.2A 2.6A



 
 
 
 

 98 

REFERENCES 

1. Almubarak, Y. and Y. Tadesse, Design and motion control of bioinspired humanoid robot 
head from servo motors toward artificial muscles, in SPIE Electroactive Polymer 
Actuators and Devices (EAPAD) 2017. 2017, SPIE: Portland, Oregon. 

 
2. Almubarak, Y. and Y. Tadesse, Twisted and coiled polymer (TCP) muscles embedded in 

silicone elastomer for use in soft robot. International Journal of Intelligent Robotics and 
Applications, 2017. 1(3): p. 352-368. 

 
3. Villanueva, A., C. Smith, and S. Priya, A biomimetic robotic jellyfish (Robojelly) actuated 

by shape memory alloy composite actuators. Bioinspiration & Biomimetics, 2011. 6(3). 
 
4. Saharan, L., et al., iGrab: Hand Orthosis Powered by Twisted and Coiled Polymer 

Muscles. Smart Materials and Structures, 2017. 26(10). 
 
5. Hedén, P., et al., Long-Term Safety and Effectiveness of Style 410 Highly Cohesive 

Silicone Breast Implants. Aesthetic plastic surgery, 2009. 
 
6. Stiehl, W.D., L. Lalla, and C. Breazeal. A" somatic alphabet" approach to" sensitive skin". 

in Robotics and Automation, 2004. Proceedings. ICRA'04. 2004 IEEE International 
Conference on. 2004. IEEE. 

 
7. Tomar, A. and Y. Tadesse. Multi-layer robot skin with embedded sensors and muscles. in 

SPIE Smart Structures and Materials+ Nondestructive Evaluation and Health Monitoring. 
2016. International Society for Optics and Photonics. 

 
8. Sanford, J., I. Ranatunga, and D. Popa. Physical human-robot interaction with a mobile 

manipulator through pressure sensitive robot skin. in Proceedings of the 6th 
International Conference on PErvasive Technologies Related to Assistive Environments. 
2013. ACM. 

 
9. Park, Y.-L., B.-R. Chen, and R.J. Wood, Design and fabrication of soft artificial skin using 

embedded microchannels and liquid conductors. IEEE Sensors Journal, 2012. 12(8): p. 
2711-2718. 

 
10. Park, Y.-L., et al., Hyperelastic pressure sensing with a liquid-embedded elastomer. 

Journal of Micromechanics and Microengineering, 2010. 20(12): p. 125029. 
 



 
 
 
 

 99 

11. Potnuru, A., M. Jafarzadeh, and Y. Tadesse. 3D printed dancing humanoid robot “Buddy” 
for homecare. in Automation Science and Engineering (CASE), 2016 IEEE International 
Conference on. 2016. IEEE. 

 
12. Berns, K. and J. Hirth. Control of facial expressions of the humanoid robot head ROMAN. 

in Intelligent Robots and Systems, 2006 IEEE/RSJ International Conference on. 2006. 
IEEE. 

 
13. Yoshikawa, M., et al. Development of an android robot for psychological support in 

medical and welfare fields. in Robotics and Biomimetics (ROBIO), 2011 IEEE International 
Conference on. 2011. IEEE. 

 
14. Hashimoto, T., et al. Development of the face robot SAYA for rich facial expressions. in 

SICE-ICASE, 2006. International Joint Conference. 2006. IEEE. 
 
15. Majidi, C., Soft robotics: a perspective—current trends and prospects for the future. Soft 

Robotics, 2014. 1(1): p. 5-11. 
 
16. Tadesse, Y., D. Hong, and S. Priya, Twelve degree of freedom baby humanoid head using 

shape memory alloy actuators. Journal of Mechanisms and Robotics, 2011. 3(1): p. 
011008. 

 
17. Hara, F., H. Akazawa, and H. Kobayashi. Realistic facial expressions by SMA driven face 

robot. in Robot and Human Interactive Communication, 2001. Proceedings. 10th IEEE 
International Workshop on. 2001. IEEE. 

 
18. Shepherd, R.F., et al., Multigait soft robot. Proceedings of the National Academy of 

Sciences, 2011. 108(51): p. 20400-20403. 
 
19. Wu, L., et al. A deformable robot with tensegrity structure using nylon artificial muscle. 

in SPIE Smart Structures and Materials+ Nondestructive Evaluation and Health 
Monitoring. 2016. International Society for Optics and Photonics. 

 
20. Wu, L., et al. Nylon-muscle-actuated robotic finger. 2015. 
 
21. Wu, L., et al., Compact and Low-cost Humanoid Hand Powered by Nylon Artificial 

Muscles. Bioinspiration & Biomimetics, 2017. 12 (2). 
 
22. Tadesse, Y., L. Wu, and L.K. Saharan, Musculoskeletal System Of Bio-Inspired Robotic 

Systems. Mechanical Engineering, 2016. 138(3). 
 



 
 
 
 

 100 

23. Laschi, C., B. Mazzolai, and M. Cianchetti, Soft robotics: Technologies and systems 
pushing the boundaries of robot abilities. Science Robotics, 2016. 1(1): p. eaah3690. 

 
24. Lacasse, M.-A., V. Duchaine, and C. Gosselin. Characterization of the electrical resistance 

of carbon-black-filled silicone: Application to a flexible and stretchable robot skin. in 
Robotics and Automation (ICRA), 2010 IEEE International Conference on. 2010. IEEE. 

 
25. Park, J.-S., J.-H. Kim, and S.-H. Moon, Vibration of thermally post-buckled composite 

plates embedded with shape memory alloy fibers. Composite Structures, 2004. 63(2): p. 
179-188. 

 
26. Feng, N., et al., Characteristics of multi-functional composites using elastomer 

embedded with Shape Memory Alloy wires. Materials & Design, 2015. 88: p. 75-81. 
 
27. Bilgen, O., et al. Morphing wing micro-air-vehicles via macro-fiber-composite actuators. 

in 48th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials 
Conference. 2007. 

 
28. Ohanian, O., et al. Piezoelectric morphing versus servo-actuated MAV control surfaces. in 

53rd AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials 
Conference 20th AIAA/ASME/AHS Adaptive Structures Conference 14th AIAA. 2012. 

 
29. Tadesse, Y., et al., Piezoelectric actuation and sensing for facial robotics. Ferroelectrics, 

2006. 345(1): p. 13-25. 
 
30. Mazzei, D., et al., HEFES: an Hybrid Engine for Facial Expressions Synthesis to control 

human-like androids and avatars, in The Fourth IEEE RAS/EMBS International 
Conferenceb on Biomedical Robotics and Biomechatronics. 2012, IEEE: Roma Italy  

 
31. Habib, A., et al., Learning Human-like Facial Expressions fornAndroid Phillip K. Dick, in 

2014 IEEE International Conference on Automation Science and Engineering (CASE). 
2014, IEEE: Taipei Taiwan. 

 
32. Jordan, K., et al., Feasibility of using a humanoid robot for enhancing attention and 

social skills in adolescents with autism spectrum disorder. International Journal of 
Rehabilitation Research:, 2013. 36(3): p. 221-227. 

 
33. Ting, C.-H., et al., Humanoid robot: A review of the architecture, applications and future 

trend. Res. J. Appl. Sci. Eng. Technol, 2014. 7: p. 1364-1369. 
 



 
 
 
 

 101 

34. Robotics, H. Sophia. 2017  [cited 2017 26 Feb]; Available from: 
http://www.hansonrobotics.com/robot/sophia/. 

 
35. Shunichi Kurumaya, K.S., Hiroyuki Nabae, Shuichi Wakimoto, Musculoskeletal lower-limb 

robot driven by multifilament muscles. ROBOMECH Journal, 2016. 
 
36. Wang, Z., et al., Embedded SMA wire actuated biomimetic fin: a module for biomimetic 

underwater propulsion. Smart Materials and Structures, 2008. 17(2): p. 025039. 
 
37. Low, K.H., et al. Initial prototype design and investigation of an undulating body by SMA. 

in 2006 IEEE International Conference on Automation Science and Engineering. 2006. 
IEEE. 

 
38. Villanueva, A., C. Smith, and S. Priya, A biomimetic robotic jellyfish (Robojelly) actuated 

by shape memory alloy composite actuators. Bioinspiration & biomimetics, 2011. 6(3): p. 
036004. 

 
39. Tadesse, Y., et al., Hydrogen-fuel-powered bell segments of biomimetic jellyfish. Smart 

Materials and Structures, 2012. 21(4): p. 045013. 
 
40. Yeom, S.-W. and I.-K. Oh, A biomimetic jellyfish robot based on ionic polymer metal 

composite actuators. Smart materials and structures, 2009. 18(8): p. 085002. 
 
41. Wilbur, C., W. Vorus, and Y. Cao, A Lamprey-Based Undulatory Vehicle. Neurotechnology 

for Biomimetic Robots, 2002: p. 285. 
 
42. Chen, Z., T.I. Um, and H. Bart-Smith, A novel fabrication of ionic polymer–metal 

composite membrane actuator capable of 3-dimensional kinematic motions. Sensors 
and Actuators A: Physical, 2011. 168(1): p. 131-139. 

 
43. Aureli, M., V. Kopman, and M. Porfiri, Free-locomotion of underwater vehicles actuated 

by ionic polymer metal composites. IEEE/ASME transactions on mechatronics, 2010. 
15(4): p. 603-614. 

 
44. Phamduy, P., et al., Design and characterization of a miniature free-swimming robotic 

fish based on multi-material 3D printing. International Journal of Intelligent Robotics 
and Applications: p. 1-15. 

 
45. Haines, C.S., et al., Artificial muscles from fishing line and sewing thread. science, 2014. 

343(6173): p. 868-872. 
 



 
 
 
 

 102 

46. Sahran, L. and Y. Tadesse, Fabrication parameters and performance relationship of 
twisted and coiled polymer muscle. IMECE, 2016. 

 
47. Almubarak, Y., N.X. Maly, and Y. Tadesse, Fully embedded actuators in elastomeric skin 

for use in humanoid robots, in SPIE. 2018: Denver, CP. 
 
48. Karami, F. and Y. Tadesse, Modeling of twisted and coiled polymer (TCP) muscle based 

on phenomenological approach. Smart Materials and Structures, 2017. 
 
49. Smooth-on.com, Ecoflex® Series Super-Soft, Addition Cure Silicone Rubbers. 2011. p. 2. 
 
50. Sudarsanan Varaprath, Cecil L. Frye, and J. Hamelink, Aqueous solubility of 

permethylsiloxanes (silicones). Environmental Toxicology and Chemistry 1996. 
 
51. Silicone Thinner®.  [cited 2017; Available from: https://www.smooth-

on.com/products/silicone-thinner/. 
 
52. Society, A.C., Controlling Amount of Products Formed, L.M. Chapter 6, Editor. 
 
53. Saharan, L. and Y. Tadesse. Robotic hand with locking mechanism using TCP muscles for 

applications in prosthetic hand and humanoids. in SPIE Smart Structures and Materials+ 
Nondestructive Evaluation and Health Monitoring. 2016. International Society for Optics 
and Photonics. 

 
54. Gremban, K.D., C.E. Thorpe, and T. Kanade. Geometric camera calibration using systems 

of linear equations. in Robotics and Automation, 1988. Proceedings., 1988 IEEE 
International Conference on. 1988. IEEE. 

 
55. Heikkila, J. and O. Silven. A four-step camera calibration procedure with implicit image 

correction. in Computer Vision and Pattern Recognition, 1997. Proceedings., 1997 IEEE 
Computer Society Conference on. 1997. IEEE. 

 
56. Tomasi, C. and T. Kanade, Shape and motion from image streams under orthography: a 

factorization method. International Journal of Computer Vision, 1992. 9(2): p. 137-154. 
 
57. Zhang, Z., A flexible new technique for camera calibration. IEEE Transactions on pattern 

analysis and machine intelligence, 2000. 22(11): p. 1330-1334. 
 
58. Tadesse, Y., N. Thayer, and S. Priya, Tailoring the response time of shape memory alloy 

wires through active cooling and pre-stress. Journal of Intelligent Material Systems and 
Structures, 2010. 21(1): p. 19-40. 



 
 
 
 

 103 

59. Yip, M.C. and G. Niemeyer. High-performance robotic muscles from conductive nylon 
sewing thread. in Robotics and Automation (ICRA), 2015 IEEE International Conference 
on. 2015. IEEE. 

 
60. Karunaratne, S.K. and H. Yan, An Abstract Muscle Model to Generate Facial Expressions 

on a Synthetic 3D Human Face. 2006. 
 
61. Tadesse, Y., et al. Silicone based artificial skin for humanoid facial expressions. in SPIE 

Smart Structures and Materials+ Nondestructive Evaluation and Health Monitoring. 
2009. International Society for Optics and Photonics. 

 
62. Tadesse, Y., et al., Hydrogen-fuel-powered bell segments of biomimetic jellyfish. smart 

Materials and Structures, 2012. 
 

  



 
 
 
 

 104 

BOIGRAPHICAL SKETCH 

 

Yara Almubarak was born in Dhahran Saudi Arabia. She received her B SC degree in Mechanical 

Engineering from The University of Texas at Dallas in 2016. She has successfully completed her 

MS degree in May 2018 via the fast track program. Yara is currently working towards a PhD. 

degree in Mechanical engineering with a concentration on manufacturing and design innovation 

at The University of Texas at Dallas. Her research is focused on robotics, smart actuators, design, 

and manufacturing.  

  



 
 
 
 

 105 

 

CURRICULUM VITAE 
 

Yara Almubarak 
 

 
Address: 800 West Campbell Road, Richardson, TX 75080-3021 
     Department of Mechanical Engineering  
     ECSN 2.7 
 
 
Email: yara.almubarak@utdallas.edu 
 
 
EDUCATION: 
Master of Science in Mechanical Engineering,      May 2018 
Manufacturing and Design Innovation 
The University of Texas at Dallas, Richardson, TX  
Thesis Advisor: Dr. Yonas Tadesse 
 
Bachelor of Science in Mechanical Engineering,      May 2016 
The University of Texas at Dallas, Richardson, TX  
 
 
PUBLICATIONS:  
 
JOURNAL 
 
Almubarak, Yara, and Yonas Tadesse. "Twisted and coiled polymer (TCP) muscles embedded in 
silicone elastomer for use in soft robot." International Journal of Intelligent Robotics and 
Applications 1, no. 3 (2017): 352-368. 
 
CONFERENCE  
 
Almubarak, Yara, and Yonas Tadesse. "Design and motion control of bioinspired humanoid 
robot head from servo motors toward artificial muscles." In Electroactive Polymer Actuators and 
Devices (EAPAD) 2017, vol. 10163, p. 101631U. International Society for Optics and Photonics, 
2017. 
 



 
 
 
 

 106 

Almubarak, Yara, Nicole Xiu Maly, and Yonas Tadesse. "Fully embedded actuators in 
elastomeric skin for use in humanoid robots." In Electroactive Polymer Actuators and Devices 
(EAPAD) XX, vol. 10594, p. 1059416. International Society for Optics and Photonics, 2018 
 
Almubarak, Yara, Aniket Joshi, Olalekan Ogunmolu, Xuejun Gu, Steve Jiang, Nicholas Gans, 
and Yonas Tadesse. "Design and development of soft robot for head and neck cancer 
radiotherapy." In Electroactive Polymer Actuators and Devices (EAPAD) XX, vol. 10594, p. 
1059418. International Society for Optics and Photonics, 2018 


