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Four million Americans are suffering from upper limb malformation due to various neurological 

disorders. Efforts have been made to develop orthosis and prosthesis to improve the quality of life 

of those individuals. This work primarily focuses on the design, development and analysis of a 

hand exoskeleton created using novel actuators called twisted and coiled polymer (TCP) muscles, 

3D printed structures, and a garment glove for a rehabilitation of the patients with partial or no 

motor abilities in the hand. The 3D printed exoskeleton incorporates the TCP muscles (380 mm 

long and 1.25 mm in diameter) wrapped around pulleys to pull the tendons which in turn facilitate 

the flexion motion of fingers. Extension motion was done using elastic cords on the dorsal side of 

the hand. A custom made biomimetic hand was developed using a 3D printed hand skeleton 

embedded in silicone elastomer skin to mimic similar stiffness as the natural hand and to test the 

orthosis device. Eight different orthotic hands were designed and developed, and we showed 

precise prehensile and non-prehensile hand movements. Further, we analyzed the motions of the 

robotic and the orthotic devices using Euler-Lagrangian equations. The modeling included the 

derivation of equation of motion for the three-link under-actuated serial manipulator suitable for 
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numerical simulations. System identification was used to determine the electro-thermo-mechanical 

model of the TCP muscle. These two transfer functions were integrated with the Euler-Lagrange 

model in the Simulink®. Then, a measured power and force profile of the TCP muscle was used 

as input to the Simulink® model to determine the motion behavior of all three joints of the robotic 

finger. Errors in the torque and force profile were determined statistically. Also, sensitivity 

analysis was conducted using key model parameters.    

The TCP muscles are the most recent revolutionary development in the field of the smart actuators, 

with high power to weight ratio 5.4 kW/kg, 16 %- 200 % actuation stroke and stress of 1- 35 MPa 

presented by Carter Haines in 2014 introductory science paper and in a subsequent study in 2016. 

In addition, the precursor material for the muscles is inexpensive (~$5/kg) compared to a shape 

memory alloy ($3000/kg) and the muscle fabrication is easier. Also, the hysteresis is minimal for 

the TCP muscles but the efficiency is one of the limitations of the actuator which is close to 1%. 

We have developed an experimental setup to fabricate and characterize the TCP muscles under 

different loading conditions and determine stress, strain, and power, number of cycle and 

temperature rise. We used silver coated nylon 6,6 multifilament threads and performed actuation 

tests, microscopy and tensile tests . Different geometries of the TCPs 1-ply, 2-ply and 3-ply 

muscles were studied for the effect of speed of the rotation during fabrication and natural 

frequency. Further, the low efficiency of the muscles is addressed with the design and 

implementation of two different types of the locking mechanisms in the prosthetic and orthotic 

devices. The locking mechanisms have shown significant improvements in the efficiency of the 

muscle. The novelty of this work lies in the design, development and modeling of the orthotics 

device, improving the muscle efficiency along with study and characterization of the TCP muscles. 
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CHAPTER 1                                                                                                      

INTRODUCTION 

 

This dissertation is focused on design and development of a novel soft orthotic device and the 

study of the novel actuator called twisted and coiled polymer (TCP) [1] muscles. The document 

consists of seven chapters. In this chapter, we will present the motivation for the work, objectives, 

state of the art on orthotic devices, and the outline of the dissertation. 

1.1 Motivation of the Study 

The research is motivated by the comparative study of the different robotic actuators and TCP 

muscles at the Humanoid, Bio-robotics and Smart Systems (HBS) lab during 2014. The twisted 

and coiled polymer (TCP) muscles were introduced by Haines et al. [1] at the Nanotech Institute, 

at The University of Texas at Dallas. The TCP muscles are extremely twisted semi-crystalline 

polymeric fibers which eventually lead to self-coiling. The muscles contract or expand based on 

the chirality of the twisted fiber upon application of the appropriate amount of heat. The muscles 

will regain the initial length upon cooling. The behavior of the muscles is similar to that of shape 

memory material (SMM), but these materials come with several advantages compared to SMMs. 

These muscles can be fabricated using inexpensive precursor materials in the lab following well-

established steps. This is the advantage of the TCPs that one can fabricated muscles in different 

shapes and sizes which is not possible or at least not easy with the commercially available shape 

memory materials such Nitnol®. TCP muscles are soft actuators with high power to weight ratio, 

large stroke and high forces. Also, these materials showed minimal or no hysteresis. Hence, these 
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materials are extremely promising for soft robotics. Hence, we decided to study the material and 

its application extensively. 

Among the wide range of the TCP applications, one of the most interesting and challenging ones 

is the development of the orthotic device utilizing these TCP muscles. A hand orthotic device is 

an assistive device to help the people with motor disabilities at hand. We studied the state of the 

art orthotic devices. Mostly, the development of such devices is in the laboratory for researching 

various aspects such as cost, weight, size, power requirements and grasping capabilities. Further, 

there are very few works in the literature regarding the rehabilitation of the thumb for the patients 

when designing the orthotic devices. Of course, conventional actuators such as DC motors will 

make the device bulky and noisy. So, we decided to develop an actively powered low cost, 

noiseless, convenient, customizable and powerful orthotic device utilizing these muscles. 

1.2 Objectives of the Study 

The study aims at the understanding and characterizing the TCP muscles for use in wearable 

rehabilitation soft robotics, especially the orthotic device. The main objectives of the present work 

are as follows: 

 Understanding of the twisted and coiled polymeric muscles theoretically 

 Developing a fully automated experimental setup to study the TCP muscle parameters 

experimentally 

 Studying the effect of the fabrication speed on the TCP muscle performance along with 

the natural frequency 

 Design and development of the hand orthotic device (iGrab) for rehabilitation  purposes 
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 Study of dynamics of the robotic and orthotic devices using the Euler-Lagrange equations 

coupled with system identification based electro-thermo-mechanical model of the TCP 

actuators 

 Design and implementation of the locking mechanism for improving the efficiency of the 

robotic devices based on TCP muscles and other electro-thermal actuators 

 Application of the TCP muscle for other robotic application including sensing 

1.3 Orthotic Devices: Introduction and the State of the Art 

Human’s quality of life is severely affected by the partial/complete loss of hand functionality, 

which is mostly caused by muscular or nerves disorders. According to a study, there are as many 

as 1 million Americans who suffer from muscular disorders such as Multiple Sclerosis, Parkinson 

diseases, Carpal Tunnel Syndrome or loss of upper limb functionality due to stroke.  Though, 

extensive research is going on in the field of hand orthosis, but most of the orthotic devices are 

quite bulky, energy-hungry, slow and also lacks force and dexterity. The present study involves 

the design and development of a new orthotic device “iGrab” powered by silver coated artificial 

polymer muscles [1]. Preliminary studies using the iGrab on a custom-made biomimetic hand were 

conducted on the index finger and few movements of thumb. The Ag-coated artificial muscles 

have a larger stroke and higher power to weight ratio than motors. The iGrab device provides 

flexion and extension motions, as well as adduction and abduction motions, which is a feature that 

is not available in most of the reported devices. All these four motions are important to achieve 

full dexterity for the human hand. The study also includes the design and development of a 

biomimetic test bed hand made using 3D printed skeleton embedded in a silicone skin with full 
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dexterity resembling a human hand. The iGrab prototypes were tested using this hand. Further, a 

detailed literature review on the orthotics and prosthetic hands guided our research. 

Extensive work has been presented in the past three decades in the field of assistive technologies 

to amputees and person with muscular disorders. Our study is mainly focused on hand orthosis, 

and there are really nice works presented in the literature where researchers have touched from 

basic mechanics of the human hand finger and tried to fully restore the functionality of the hand 

apart from controlling the complex movements of the thumb [2, 3]. People exploited the idea of 

keeping the palmar side of the hand exposed [4] to make use of tactile sensation of hand (natural 

feedback to the brain), if it is not affected by some muscular disorder. Some of them are to assist 

people with amplification of the force and movements of the hand such as translating wrist motion 

to the fingers where as some devices only providing the passive assistance [5-11].  

Understanding the biomechanics of the human fingers is really important in order to design an 

exoskeleton which can restore complete functionality of human hand. Extensive studies [12-15] 

have been done to understand the working of extrinsic and intrinsic muscles which work for 

performing flexion, extension, and abduction and adduction motions. Apart from this, many 

kinematic and dynamic models [16-20] have been provided to understand design and working of 

human hand and finger. Deshpande et al.[21] have presented an anatomically correct test-bed hand 

which is good way of understanding human hand mechanism. After understanding the mechanics 

of the human hand, material and actuator selection should be done carefully in order to make 

design which can restore hand functionality along with being comfortable and energy efficient. 

Initially, researchers were using metals to fabricate the exoskeletons [3, 22-27] such as aluminum 

and steel which caused devices to be very bulky and certainly inconvenient to wear for long time, 
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whereas many of them used plastic and/or fiber along with metals [2, 28-33] to make the device 

ergonomic. But these days’ researchers [34-40]  are using 3D printer and thermoplastics 

extensively to build their prototype light in weight, apart from a few people who have used even 

fabric and softer materials [41-43]. The material selection is critical since ergonomics, cost and 

efficiency of the device depend on it. Another major issue with most of the prototypes is the usage 

of the conventional actuators such as DC motors, [2, 22, 28, 34, 37, 41]. DC motors are widely 

used actuators in orthotic devices, which make them bulky and possess space constraints. 

Myoelectric hand [44] is among the few who uses smart actuator such as shape memory alloys 

(SMA). Some of the researchers have tried pneumatic actuators [35, 40], which is also bulky and 

inconvenient. For the feedback mechanism and control, most of the researchers relied on force 

sensors except a few [23, 30] which have tried optical encoders and angular position sensors, but 

still, it is hard to find a fully-fledged system for sensing and feedback. 

Another important aspect of orthotic devices is the source of power transfer from actuators to 

finger joints. In this aspect, passive tendons are most widely accepted method. Although different 

mechanisms have been presented such as lead screw mechanism [45], 6-bar joint mechanism [46], 

12- link mechanism [47], and slotted link cam with lead screw mechanism [48]. Jamshed Iqbal 

[29, 32, 33, 49, 50] mostly used linkages for force transmission, but tendons is the one which is 

biomimetic and lightweight along with its ease of use and operation. Table 1-1 summarizes some 

of the orthotic device developed over last few years. 
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Table 1-1: Comparison of Orthotic Devices 

Model Authors Year 
Material/ 

Technology 

Degree of 

Actuation/ 

Type 

Actuators 
Control  and 

Sensors Type 
Weight 

[23] 
Wege, A and 

Hommel, G 
2005 

Not 

Specified 

4 DOA/ 

Tendons 
DC Motor 

Hall, Force and 

EMG Sensors 

Not 

Specified 

- 

Bedoya, Juliana 

Villa and Petroff, 

Neil 

2007 
Not 

Specified 

1 DOA/ 

Tendons 
DC Motor 

Force Feedback 

loop 

Not 

Specified 

AFX [24] 
Worsnopp, T.T. et 

al 
2007 

Aluminum 

and steel 

3 DOA/ 

Tendons 
DC Motor 

Tension 

Sensors 

Not 

Specified 

ACOG [28] 

Ochoa, Mauricio 

Jose and Kamper, 

Derek 

2008 
Not 

Specified 

1 DOA/ 

Tendons 
DC Motor 

Voice 

Recognition, 

EMG and 

Manual (All 

Three Modes) 

Not 

Specified 

-[31] Ertas, I.H. et al. 2009 
Not 

Specified 

1 DOA/ 

Linkages 
DC Motor EMG 

185g 

without 

motor for 

1 finger 

-[51] Wang, Ju et al. 2009 

Aluminum 

Alloy and 

ABS 

2 DOA/ 

Tendons 
DC Motor 

Force and 

Angular 

Position Sensor 

120g 

without 

motor for 

1 finger 

HE[25] Fontana, M. et al. 2009 
Not 

Specified 

3 DOA/ 

Mechanical 

Links 

DC Motor Force Sensors 1.1 kg 

- Leeb, Robert et al. 2010 

Passive 

Hand 

Orthosis 

    

EXO [29] 
Iqbal, Jamshed et 

al. 
2010 

ABS/ 3-D 

Printed 

1 DOA/ 

Mechanical 

Links 

DC Motor Force Sensors 
Not 

Specified 

HEXOSYS Iqbal J., et al. 2010 
Plastic and 

Metal 

1 DOA/ 

Mechanical 

Links 

DC Motor 

Force Sensor 

and Position 

Sensor 

1 kg 
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Saeboflex [11] 

Hoffman, Henry 

B. and Glyn L. 

Blakey 

2011 

Passive 

Hand 

Orthosis 

    

HEXOSYS-II  

[33] 
Iqbal, J. et al 2011 

ABS/ 3-D 

Printed and 

Aluminum 

1 DOA/ 

Mechanical 

Links 

DC Motor 

Force Sensors 

and Motor 

encoder 

Not 

Specified 

IOTA[2] Aubin, P.M. et al. 2013 

Fabric, 

Rubber and 

Aluminum 

2 DOA/ 

Mechanical 

Links 

Servo 

Motor 
Bend Sensors 0.23 kg 

- [35] Colon et al 2014 
ABS/ 3-D 

Printed 

1 DOA/ 

Tendons 

Solenoid 

Pneumatic 

Actuators 

EMG 
Not 

Specified 

- [34] 
Goutam, Siddarth 

and Kean C. Aw 
2014 

ABS/ 3-D 

Printed 

1 DOA/ 

Tendons 

Motor with 

differential 

mechanism 

Force Sensors 
Not 

Specified 

-[43] Kudo, S. et al 2014 
Leather 

Sheets 

1 DOA/ 

Tendons 
DC Motor 

Head-mounted 

Capacitive 

Sensor 

675 

grams 

Myoelectric Hand 

Orthosis [44] 

Bryant, Marvin 

Frank 
2014 

Plastic/3D 

Printer 

Not 

Specified 
SMA 

Bioelectric and 

Force Sensors 

Not 

Specified 

CAFEcafé [22] 
Jones, 

Christopher et al. 
2014 

Aluminum 

and Steel 

3 DOA/ 

Tendons 

Servo 

Motor 
Force Sensor 

138gram

s (1 

finger) 

- [36] 
Choe, Jong-Hun 

et al 
2014 

ABS/ 3-D 

Printed 

1 DOA/ 

Tendons 

Servo 

Motor 
No 

Not 

Specified 

RML Glove [38] Zhou MA 2015 
Not 

Specified 

1 DOA/ 

Tendons 
DC Motor Force Sensors 

180g 

(Two 

fingers) 

HX [3] Cempini, Marco 2015 
Not 

Specified 

2 DOA/ 

Tendons 
DC Motor - 1.272 kg 

EXO [49] Iqbal, J. et al. 2015 

Aluminum 

and ABS 

Plastic 

1 DOA/ 

Mechanical 

Links 

DC Motor Force Sensors 460g 

Exo-Glove [42] In, Hyunki et al. 2015 Soft Material 
1 DOA/ 

Tendons 
- - 194g 
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- [46] 

Surakijboworn, 

M. and 

Wannasuphoprasi

t, W 

2015 Plastic 
1 DOA/ 

Tendons 

Bulky 

Driving 

Module 

- 
Not 

Specified 

iGrab 
Saharan, Lokesh 

et al. 
2015 

ABS/ 3-D 

Printed 

1 DOA/ 

Tendons 

Nylon 

Muscles 
- 

200g 

(appx.) 

(Five 

Fingers 

 

1.4 Design and Fabrication of the Biomimetic Hand Model 

Testing the orthotic device in its development phase is very crucial and challenging. We need to 

evaluate the orthotic device step by step during the development. Further, a complete evaluation 

of the device is also important before human subject testing. To overcome these problems we 

decided to design an anatomically correct test-bed handmade using a 3D printed skeleton bone-

like structure casted in the silicone elastomer to have the same configuration as a human hand and 

this anatomically correct hand was used throughout the study to perform various experiments. 

 

 

Figure 1-1: Showing the bio-mimetic hand made to test the orthotic device. 

 

 

The skeleton was designed in such a way that the silicone elastomer casted hand would resemble 

human hand motion. Such a design was intended to facilitate the tests for complete control of the 
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thumb using the exoskeleton and develop the orthotic hand before any experiments on the human 

subject.  Full flexion motion of this hand requires 3 N force with a linear displacement of tendon 

equal to 7 cm which is very close to human hand as shown in Figure 1-1. 

1.5 Dissertation Outline and Acknowledgements 

A detailed study was carried out to fully characterize and understand the novel TCP actuators. 

Further, a soft orthotic glove (iGrab) was developed based on this smart muscle. This study is 

divided into seven chapters: 

 Chapter 1 (the present chapter), an introduction to the TCP muscles and its advantages are 

provided in the beginning. Then, we discussed the objective of the present study along with 

state of the art orthotic devices and development of the biomimetic hand model to test the 

orthotic device.  

 Chapter 2 describes the study of TCP muscles that includes the literature review, 

experimental setup, and characteristics of the TCP muscles such as microscopy, tensile 

tests and actuation characteristics. 

This chapter contains material from the following sources: 

© Science and reproduced with permission, from Carter Haines et al., Artificial muscles 

from fishing line and sewing thread, Feb 2014, 10.1126/science.1246906. All rights 

reserved. 

© PNAS and reproduced with permission from Carter Haines et al., New twist on artificial 

muscle, August 2016, 10.1073/pnas.1605273113.  All rights reserved. 

© ASME and reproduced with permission from Yonas Tadesse et al., Musculoskeletal 

system of bio-inspired robotic systems, March 2016. All rights reserved. 



 

10 

 Chapter 3 discusses the effect of the speed of the fabrication on the twisted and coiled 

polymeric muscles. The chapter will also have an insight into the effect of the natural 

frequency of the TCP muscle. Also, it includes the application of the TCP muscle as a 

sensor. 

This chapter contains material from the following sources: 

© ASME and reproduced with permission from Lokesh Saharan and Yonas Tadesse, 

Fabrication Parameters and Performance Relationship of Twisted and Coiled Polymer 

Muscles, November 2016, doi:10.1115/IMECE2016-67314. All rights reserved. 

© ASME and reproduced with permission from Lokesh Saharan and Yonas Tadesse, A 

Novel Design of Thermostat based on Fishing Line Muscle, November 2016, doi: 

10.1115/IMECE2016-67298. All rights reserved. 

 Chapter 4 presents a detailed study on the dynamics of the prosthetic/orthotic hands using 

the Euler-Lagrange model coupled with system identification based model of the TCP 

actuator. 

 Chapter 5 describes the design and development of the soft orthotic device (iGrab) utilizing 

the TCP muscles. This chapter will include the study and characterization of several 

iterations of the orthotic device. 

This chapter contains material from the following sources: 

© SPIE and reproduced with permission from Lokesh Saharan and Yonas Tadesse, Design 

of a 3D Printed Lightweight Orthotic Device Based on Twisted and Coiled Polymer 

Muscle: iGrab Hand Orthosis., April 2017, doi: 10.1117/12.2260266. All rights reserved. 
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© IOP Publishing and reproduced with permission from Lokesh Saharan et al., iGrab hand 

orthosis powered by Twisted and Coiled Polymeric Muscles, September 2017, 

https://doi.org/10.1088/1361-665X/aa8929. All rights reserved.  

 Chapter 6 describes the design of an orthotic device with locking mechanism. This chapter 

will focus on the efficiency improvements on the TCP based robotic devices. 

This chapter contains material from the following source: 

© SPIE and reproduced with permission from Lokesh Saharan and Yonas Tadesse, Robotic 

hand with locking mechanism using TCP muscles for applications in prosthetic hand and 

humanoids, April 2016, doi: 10.1117/12.2219535. All rights reserved. 

 Chapter 7 describes the summary of the work, contribution to the science and technology. 

In the end, chapter will throw light on the recommendations for the future. 

 

 

 

 

 

 

 

 

https://doi.org/10.1088/1361-665X/aa8929
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CHAPTER 2                                                                                                                   

TWISTED AND COILED POLYMERIC MUSCLES: A DETAILED STUDY 

2.1 Description 

Artificial muscle is the name given to those materials that contract and relax like the mammalian 

skeletal muscles upon the application of external stimuli. The simulation could be a chemical or 

physical stimulus [52].   There have been several methods of creating artificial muscles based on 

different working mechanism. Some of the most common ones are electrochemical actuation 

(ECM), electrostatic actuators (ES), piezoelectric (PZ), carbon nanotube (CNT), and shape 

memory alloys (SMA), pneumatic muscles (PM) and composites. Artificial muscle attracted the 

attention of many researchers, after the long usage of engines and motors for powering mechanical 

systems. Artificial muscles have been used for the design and development of the biomedical 

device and biomimetic robots. But, the ideal biomimetic robots require specially designed 

actuators which can replicate the behavior of natural muscle. Natural muscles are impeccably 

capable of sensing, acting and adopting. Such replica of an artificial muscle is required for 

biomedical and robotic applications that have advanced and higher performance.  In this 

development, most of the muscles have limitation and hence mostly failed to compete with 

mammalian muscles. This leads to further curiosity and accelerated the research in this field of 

artificial muscles. Recently, Haines et al. [1] introduced a better alternative to existing expensive 

artificial muscles. They showed high-performance muscles that surpass the capability of natural 

muscles. The muscles are made by twisting and coiling and some heat treatment, we call them 

Twisted and Coiled Polymeric (TCP) muscles. These muscles have a large strain (~ 50%) and 

power to weight ratio of comparable to that of a jet engine (5.26 kW). These muscles can lift 100 
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times load than human muscle. We will explain the fabrication process of these muscles in a later 

section. These muscles can be made using commercially available materials used from sewing 

thread or fishing lines such as nylon 6, nylon 6,6 or polyethylene precursor fibers.  

2.1.1 Introduction to TCP muscles Fabrication  

Figure 2-1 shows a typical muscle fabrication process, the precursor fiber of a certain length 

(usually thrice the desired length of the muscle) is tied one side to a motor, and the other side to a 

dead weight (M) of optimum value and the motor is rotated. The dead weight is used to keep the 

thread in tension during the twist insertion. The precursor fiber decreases in length as it is twisted.  

  

 

Figure 2-1: Fabrication process of TCP and actuation of TCP muscles: (a)&(b) Twisting, (c) & (d)  

self-coiling, (e) &(f) annealing and training, (g) Twisting and coiling on the mandrel. 
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During the twist insertion, after a sufficient number of twists get into the fiber and it can no longer 

take more twists, the fiber starts coiling on its own axis or one can coil the twisted fiber over a 

mandrel (shown in the inset figure). The fully coiled structure is shown in Figure 2-1d. Since twist 

insertion builds up stresses in the fiber, the fiber is annealed above 105 oC either by resistive 

heating (Figure 2-1e) or using a furnace (Figure 2-1f). The muscle is finally trained for actuation 

by applying voltage under a load until consistent actuation is obtained. Some fabrication and 

performance results are presented in IMECE 2016 (Saharan and Tadesse, 2016a) [53]. 

2.1.2 Structures and working principles of TCP muscles  

TCP muscles were invented by understanding of the molecular structure of the polymeric precursor 

fibers. According to [1], these fibers are composed of highly flexible and oriented (in fiber 

direction) polymeric chains. These fibers are semi-crystalline in nature and have a small negative 

thermal coefficient in the crystalline region, but they are capable of significant reversible 

contractions in non-crystalline regions when heated because they are less conformationally 

constrained in the non-crystalline region. This can result in 4% strain for Nylon 6,6 precursor fiber 

[1] which is comparable to Ni-Ti SMA wires. This effect can be amplified by twist insertion into 

the muscle which makes them chiral. Hence the muscle can work as torsional muscle. The amount 

of twist inserted and chirality largely affects the material behavior. We can see the difference in 

coil spacing due to self-coiling and mandrel coiling. Mandrel coiled muscles have large spacing 

between coils. Such coils have large axial contraction (~49% in some cases).  

Chirality is a geometric property of some molecules and ions. A chiral molecule/ion is non-

superposable on its mirror image. The presence of an asymmetric carbon center is one of the 

several structural features that induce chirality in organic and inorganic molecules. The 

https://en.wikipedia.org/wiki/Mirror_image
https://en.wikipedia.org/wiki/Asymmetric_carbon
https://en.wikipedia.org/wiki/Chirality
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term chirality is derived from the Greek word for hand, “χειρ (their)”.  As seen in Figure 2-3, 

tensile actuation of the material is dependent on the fiber bias angle. The positive and negative 

tensile actuation are according to the chirality of the fiber.   The heterochiral structures exhibit 

extensional motion, whereas the homochiral coiled fibers contract upon heating.  

 

 

 

Figure 2-2: Examples of the TCP muscles and the precursor structures using nylon 6,6 

monofilament sewing thread. (a) a non-twisted fiber, (b) twist insertion in the fiber, (c) a two-ply 

muscle formed from the coil in (b);  (d) a mandrel coiled. (Figure Adapted from [1]) 

 

 

When the chirality of the precursor fiber and coils matches (which is called homochiral), then 

actuator will contract whereas upon opposite chirality (heterochiral) leads to expansion of the 

muscle. Figure 2-3b-c shows the homochiral and heterochiral muscles and their actuation behavior. 

The muscle can be fabricated with desired chirality as per requirement. The reversible contraction 

also depends on materials physical properties, e.g., Nylon 6,6 has a large thermal contraction (4%-

34%) between 20oC to 240oC due to its high melting point when compared to polyethylene having 
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a temperature range of 20oC to 130oC providing smaller contractions (0.3%-16%) [1]. Human 

muscle contract 20% which is less than 34% percent provided by Nylon 6,6 based TCP muscle. 

These capabilities make these muscles distinct candidate for application in orthosis, prosthetics, 

robotics and many other biomedical applications. 

 

 

 

Figure 2-3: Chirality and actuation mechanism (a) Comparison of the heterochiral and homochiral 

tensile and compressive actuation, (b) Heterochiral coiling and actuation mechanism and (c) 

Homochiral coiling and actuation mechanism. (Figure Adapted from [1]) 

 

 

 

Figure 2-4: Mechanism of actuation of the TCP muscles using (a) Hot air, (b)electro thermally and 

(c) hot and cold fluid. 
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Figure 2-4 shows the different mechanism of actuating the TCP muscles, which can be either hot 

air blown to the surface of the structure, or hot and cold fluid supplied in a confined space to 

transfer heat to the polymer structure or by applying a voltage across the polymer composite. For 

the electrical actuation, a conductor or metal coating of the polymer is a necessary condition.  

Mechanism of actuation of the TCP muscles using (a) hot air, (b) electrothermal and (c) hot and 

cold fluid. 

2.1.3 Comparison with other soft actuators 

TCP muscle is a great alternative to conventional actuators such as DC motors, pneumatic and 

hydraulic muscles including the SMA. TCP muscle has a tremendous power to weight ratio. It has 

impeccable qualities when compared at various metrics such as cost, availability, working 

principle, and application. This muscle requires polymeric fibers (Fishing line and sewing thread) 

such as Nylon 6, Nylon 6,6, and polyethylene as precursor material which is readily available at 

most of the place at very low cost. The muscle requires heat as an input which can be provided 

using some fluid like water or electro-thermally which makes its application versatile for use as an 

actuator, a sensor, and energy harvester. Various application of this material is being explored 

based on these qualities. Recently, this muscle with a conical shape showed strain up to 200 % 

[54]. Moreover, this material can be easily manufactured anywhere with easily available tools by 

following the standard procedure. The fabrication process will be explained in later sections.  

The important performance parameter for comparison of the muscle is the stress and strain [55, 

56]. Stress produced implies the amount of force per unit area (σ = F/A) of the actuator. These 

parameters show the utility of the actuators across different applications. Strain (ϵ =Δl / l) is defined 

as the amount of displacement of the produced by the actuators per unit of its length. Strain enables 
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us to find the suitable actuator for a given application. The study of the comparative chart for the 

actuators performance (Figure 2-5) in terms of stress-strain and energy per unit volume for 

actuators suitable for soft robotics, humanoids and prosthetics are helpful. The figure shows the 

SMA being the highest in energy density 105-107 J/m3 (diagonal lines) and stresses greater than 

100 MPa. SMA was considered to be the best option for low-frequency applications until 

challenged by recently invented coiled and twisted polymeric muscles. SMA is expensive as well 

as have limitations such high hysteresis  [1], [57],[58],[56].  

 

 
 

Figure 2-5: Comparison of TCP actuators with other actuator technologies, blocking stress-strain 

and energy density [1]. CP = Conducting polymer; SMA = Shape memory alloy; DE = Dielectric 

elastomer; PM = Pneumatic muscle; BISMC = Bioinspired composite; BMF = Biometal Fiber 

SMA; IPMC= Ionic metal composite; Servo= Small RC servo HS81; Natural= Skeletal muscles; 

TCP = Twisted and Coiled Polymer muscle. (Figure adapted from [60] 
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The chart also depicts high performance of the TCP muscle in stress-strain and energy density 

(diagonal line) graphs. The only limitation of these actuators is efficiency when compared to the 

DC motors. The efficiency of the muscle is slightly above 1%. Lower efficiency can make 

actuators power hungry, which can lead to the demand for large battery packs. Efficiency issue 

can be easily dealt using locking mechanism. Locking mechanisms are devices which help robotic 

manipulators, prosthetic hand or orthosis device to hold a certain position by mechanically locking 

the position without a continuous supply of the power. These devices are helpful in robotic, 

prosthetics [59] and orthotic applications. 

2.2 Detailed Fabrication of the Twisted and Coiled Polymeric (TCP) Muscles 

TCP muscle can be fabricated by following the standard procedure on precursor fiber. Single 

twisted and coiled polymer strand is called single ply muscle. Multiple single ply muscle can be 

plied together to create two, three or more plied muscles. Typically, 1-ply, 2-ply and 3-ply muscles 

have been reported and studied widely in the literature. Mainly two types of precursor fibers have 

been described in the literature. Silver coated precursor fibers [1, 60], [61, 62] (such as mono or 

multifilament Nylon 6,6) are used to fabricate the muscles which can be driven electro-thermally. 

Silver coated fibers have a thin coating of the silver on the precursor fiber which helps to generate 

heat in the muscle by application of electrical potential across its end (Joules effect). Such muscles 

can be powered by batteries for mobile devices. Silver coating or painting can also be applied to 

the muscle during twist insertion for the precursor fibers with no silver coating on them[63]. 

Another type of the muscles can be precursor fibers without silver coating on them [1, 61, 64]. 

Without the silver coating, the muscle is actuated by the alternating flow of hot and cold fluid such 

as water but such muscles should not absorb water. Also, Recently, Semochkin et al. [65] have 
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presented the device to manufacture the TCP muscle with heater wire in an automated manner. 

Both types of the muscle have a similar type of the procedure for fabrication. The procedure 

involves twist insertion under a certain load followed by coiling. 

2.2.1 Twisting  

Twist insertion is a process in which a load of optimum values (depending on precursor material) 

is tied to the precursor fiber on one end, and the other end is tied to a motor that rotates at a certain 

speed. As described in the previous section, twist insertion will bring chirality to the muscle which 

amplifies the linear stroke. Typically three times (e.g., To make a 100 mm long muscle, 300 mm 

precursor fiber is needed) the length of precursor fiber is required to make a muscle. The amount 

of weight used as a preload or stress [1] and twist insertion speed [60] will affect the properties of 

the muscle. For example, 10, 16 and 35 MPa stresses during the coiling can give different spring 

indices of the muscle of 1.7, 1.4 and 1.1 respectively for a 127 µm Nylon 6,6 monofilament 

precursor fibers, according to Haines et al. For a silver coated multifilament Nylon 6,6 of 200 µm 

diameter, twist insertion [60, 61] was reported at 9.9 MPa. Load/weight on the muscle during twist 

insertion plays an important role since too much weight can break the fiber during coiling whereas 

less weight can cause snarling in the fibers. Different combination of weight and speed would give 

different properties [60]. Figure 2-1 shows a typical TCP muscle fabrication process of 1-ply 

muscle and plying together 1-ply for making 2-ply muscles. The process (a)-(b) in the figure is the 

twisting process using an electric motor at the top and a dead weight at the bottom. The weight is 

constrained to translate only. The weight is not simply hanged, it is supported by a guide for the 

linear displacement at the fiber is twisted. The total amount of twist inserted in the precursor fiber 
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affects the performance of the muscle. A large number of twists will create high-performance 

muscle.   

2.2.2 Coiling 

Once the fiber is twisted extremely, it will start coiling on its own. The coil could start from the 

top or the bottom along the axis.  The process from (c) to (d) in Figure 2-1 is the coiling process, 

where an increased diameter is seen for the coiled structure.  Twist insertion will make the 

precursor fiber stiffer where more twist will cause coiling of the muscle about the axis of rotation. 

This coiling is a result of extreme twist insertion. As described before, the packing density of the 

coil will be determined by the amount of stress during the coiling. Another type of coiling is 

mandrel coiling [1, 57]. After twist insertion, a mandrel can be used to wrap the twisted muscle 

around it. Various shapes for mandrel coiling can be used to create spring structures of varying 

shapes and sizes. A cylindrical muscle can be obtained by wrapping the muscle around a 

cylindrical rod [1] whereas a cone can create a conical shaped muscle [54] and mandrel coiling 

will facilitate a large stroke at the cost of the stresses produced by the muscle. Coiled muscle will 

try to unwind due to internal stresses, therefore need to prevent rotation before annealing. 

Since TCP muscle is largely driven by the torsion of twisting and untwisting of the fiber under the 

influence of the temperature, the same amount of twist inserted in two different fibers would cause 

the same amount of tensile untwist. According to the study by Haines [54], coiling due to twist 

insertion happens beyond a critical torque, 𝜏𝑐, which is given by [66]: 

𝜏𝑐 = √2𝐸𝐼𝐹                                                                                                                               (2-1) 

Where: E = young’s modulus of the material [N/m2] 

I = Second moment of area of a fiber of circular diameter (D) given by 𝜋𝐷4/16 [m4] 
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F = Tensile load applied on the material for twist insertion [N] 

For the coils made under a tensile load F, the same stress σ, is given by: 

σ = 𝐹/𝐴 ,   where A= 𝜋𝐷2/4                                                                                                    (2-2) 

Critical twist to coil, 𝑇𝑐 is given by: 

𝑇𝑐 =
𝜏𝑐

2𝜋𝐽𝐺′                                                                                                                              (2-3) 

Where: 𝑇𝑐 is the critical twist torque required for coiling [Turns/m] 

𝐽 = polar moment of inertia given by =  
𝜋𝐷4

32
  for a cylindrical fiber [m4] 

𝐺′= Shear modulus of fiber material [N/m2] 

Now combining the Equations (2.1), (2.2) and (2.3) will give us the twist required to coil a fiber: 

𝑇𝑐 =
2√2𝜎𝐸

𝜋𝐷𝐺′                                                                                                                              (2-4) 

This equation (2.4) shows that for the same tensile loading, twist required to coil a cylindrical fiber 

is inversely proportional to the fiber diameter. Irrespective of the coiling method or coiling 

parameter, the samples should maintain the twisted and coiled structure. Therefore, annealing is 

required for the muscle to retain the shape.  

2.2.3 Annealing (Heat Treatment) 

Coiling is a cold working process on the muscle. This process will induce internal stresses in the 

structure. To keep the shape of the structure, annealing is required. Annealing is a heat treatment 

process that relieve stresses in the structure, and enables to maintain the shape and obtain desired 

properties. As, we have described in the previous section, two different types of the muscles, metal 

coated and non-metal coated ones are the common electro-thermally actuated TCP muscles. These 

types of the muscles can be annealed differently. Silver coated muscles can be annealed 
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electrothermally. Muscle without metal coating can be annealed in a heated environment or in a 

furnace.  

Figure 2-1e&f shows an annealing setup for silver coated TCP muscle. This can be called electro-

thermal annealing, by applying a voltage or electrical power across the muscle. For  muscles made 

of commercially available conductive sewing thread (Shieldex 260151023534oz)   [60] were 

annealed by using voltage equal to one volt per unit length of the muscle for electrothermal 

annealing. Another, parameter is current annealing. Typically, 0.6 A, 0.7 A and 0.8 A of the current 

can be used for electrothermal annealing of the 1-ply, 2-ply and 3-ply muscles respectively. 

Electrothermal annealing is mostly done in cycles. Typically, 12 power cycles for 20-40 seconds 

are good enough depending on material and number of plies. 

Another approach is annealing in a furnace for bare precursor fiber (Non-metal coated nylon 

monofilament). For example, a coiled muscle fabricated using 400 µm nylon fishing line in a 

furnace at 180oC for 90 minutes [64]. Some of the researchers prefer to anneal in a fluidic medium 

other than air. For example, Kianzad et. al. [67], have used nitrogen for annealing of the muscle. 

Nitrogen annealing is good, especially in the case of silver coated precursor fibers since nitrogen 

avoids the oxidation of the silver on the muscle surface which is directly related to the life and 

performance of the muscle. The heat-treated structure needs to be trained for the specific 

application and complete the fabrication process.  

2.2.4 Training 

Training of the muscle is required to obtain reversible actuation cycle under a load. For this 

purpose, the annealed structure undergoes multiple on and off cycles for the amount of load it is 

going to be used. For example, if the muscle is required to be used to open and close a valve. It 
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has a known amount of force required to open the valve. The training load is also a function of 

spring index of the muscle. Monofilament, non-silver coated muscles with larger diameter are 

stiffer and require more force to obtain better coil spacing. So, the muscle can be trained on a dead 

weight equal to the amount of force required to open and close the valve. The training power 

(W/cm), training time, and cycles are crucial parameters. Ag-coated muscles can be trained using 

computer controlled power supply. Muscle without silver coating, may require an arrangement for 

alternating hot and cold water switching mechanism. A hot air blower can also be used but that 

would not be as a great option for control of the hot air flow and heat loss can potentially be issues. 

Once a particular method of training is selected, the number of cycles, load and magnitude of 

stimuli (voltage/ hot fluid) are determined accordingly. Some training cycles presented are as 

follows: 12-15 power cycles of training with 50% duty cycle are sufficient for the training of the 

muscles [60]. 

Another possible training method could be training for work under dynamic loadings such as 

springs and robotic manipulators like hand and fingers. Dynamic loading is a special case for 

loading since the force keeps on increasing or decreasing with the displacement. For example, 

spring force (F = kx) is a function of the amount of extension of the spring. In such cases, the 

muscles should be trained for the maximum amount of force required. One of the training 

techniques, which are yet to be explored is dynamic training. In dynamic training, one can use a 

spring of variable stiffness or variable weight to train the muscle. Evidence of such training is not 

present in the literature yet. 

The entire process of fabricating 1-ply muscle is shown in Figure 2-1 from twisting, coiling, 

annealing and training and actuation testing.  Another fabrication process is also presented that 
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compares the 1-ply, 2-ply and 3-ply muscles as shown in the next chapter (Adopted from [60]), 

where two 1-ply muscle are plied  together to form 2-ply muscle. In such case a higher load than 

the load used to make 1-ply muscle was used. Similarly, 3-ply muscles are made following the 

same analogy.   

2.3 Characteristics and Properties of TCP Muscles 

As any other materials, the performance characteristics and properties of TCP muscles are 

dependent on the fabrication procedure/parameters, type of raw material and working 

environment. These muscles have two degrees of motion, linear motion and rotary motion. They 

produce strain linearly and rotate about their central axis due to twisting and untwisting of the 

fibers. Linear strain is focus of our study. The rotation motion has less force generation and it could 

not gain much attention by researchers.  

The linear strain is also a function of the type of chirality of the muscle. As discussed in the earlier 

section, the homochiral muscles show linear contraction whereas heterochiral muscles show linear 

expansion when heated. Both types of linear strains have their importance and application in the 

biomedical and soft robotics fields. Important characteristics of artificial muscles are stress 

generation or force, strain or displacement, input power, output energy or power, efficiency, 

frequency of operation, life cycle, repeatability and cost. Most of these parameters are quantified 

and we will present here some results presented in the literature. We also discussed how these 

parameters are measured to synchronize with other input stimuli such as temperature to understand 

the muscles. Time domain stress and strain have been measured by some researchers [1, 60, 61] in 

literature. We will discuss here strain and force measurement for the 2-ply and 3-ply muscles.  
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Figure 2-6: Typical characteristics of TCP muscles based on current knowledge on the material 

(a) Input voltage and current supplied vs. time, (b) the corresponding displacement, force and 

temperature profile of the actuator, (c) Tensile actuation vs temperature of TCP compared with 

SMA actuator, (d) strain vs frequency relation, (e) tensile actuation under loaded length vs nominal 

applied stress and (f) tensile actuation under non-loaded length vs nominal applied stress. 

 

 

The key characteristic curves of TCP muscles are shown in Figure 2-6. A square wave voltage is 

shown in Figure 2-6a for electrically actuated TCP muscles with starting time ta and end time tb, 

the corresponding outputs of the muscle (displacement, force and temperature) will have a profile 

as shown in Figure 2-6b. The magnitudes will increase until the voltage is turned off at tb, this is 

the heating phase of the muscle.  Then, the profile starts decreasing until time tc, this is the cooling 

phase. Figure 2-6c shows a typical plot of tensile actuation vs. temperature plot compared with 

shape memory alloy (SMA) actuators that have large hysteresis. Figure 2-6d is the output 

displacement or strain vs. frequency. The decrease in strain at high frequency is common to all 

smart materials.  Another characteristics curve is the tensile actuation vs. nominal applied stress. 
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The profiles shown in Figure 2-6 are based on the current development of the materials and some 

of the measurement can be done to determine properties under different circumstance. We will 

discuss displacement/strain, force/stress, and frequency and microscope images of the TCP 

muscles later in this chapter. 

Figure 2-6e shows an increase at the initial stage and relatively constant tensile actuation 

afterwards as the applied load is increased. This tensile actuation is based on the normalization 

with respect to loaded length. The loaded length is increasing as the applied load is stretching the 

material axially. Figure 2-6f shows a characteristic curve where the initial length for tensile 

actuation is non- loaded length. In this case, the tensile actuation vs applied load increases initially 

and decreases at optimum applied load. Note that the non-loaded length is shorter than the loaded 

length as a result, the strain magnitude will be different for the two cases. 

 

 
 

Figure 2-7: Tensile Actuation comparison of TCP muscle based on different materials. Inset is the 

comparison of actuation of the different precursor fiber. (Figure adapted from [1]) 
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The tensile actuation strain as a function of temperature change was investigated for various 

material. Figure 2-7 shows the comparison of the tensile actuation of the different materials 

presented by [1] in the Science magazine when they introduced the TCP muscle for the first time. 

In the inset, tensile actuation of the precursor fiber was also reported without twisting and coiling. 

The large graph is the effect of extreme twist and coiling of the polymer muscles. Silver coated 

nylon 6,6, nylon 6,6, nylon 6 and polyethylene are some of the materials investigated.  

 

 
 

Figure 2-8: Twist on artificial muscle shows the 200 % tensile actuation of a TCP muscle: (a) 

Strain vs temperature and (b) optical picture of the muscle when actuated electrically. (Figure 

adapted from [54]) 

 

 

In a recent study, Haines et al. [54] have shown 200 % actuation of the TCP muscle that is spiral 

in shape.  A result from the publication is shown in the Figure 2-8. According to the explanation 

in the publication, there are two reasons which limit the actuation of the muscle. The first being 

the amount of twist inserted in the muscles. Since these are the torsional muscles, the amount of 

twist determines the tensile stroke [68]. The second reason is the coils being constrained by the 

adjacent coils. According to [54], the later one is more prevalent than the former. As can be seen 
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from the figure, this is a special case of the TCP muscle i.e. conical. So, each coil is free to move 

and pass through each other to cause displacement more than 100 %. The figure clearly shows 

the muscle displacement from 80 mm to -80 mm. 

2.3.1 Strain and Force Measurement of TCP Muscle 

Strain is the ratio of the change in length to the original length of an actuator. It is often expressed 

in percentage. There are two different types of strain measurement, under a constant load 

measurement or under a variable load. Figure 2-9 shows the experimental setup for the strain 

measurement under the constant loading and Figure 2-9b is the strain under variable load or spring.  

The setup includes displacement sensor, load cell, power supply for initial pre-stress and a load.   

 

 

 

Figure 2-9: Displacement /strain measurement of a TCP muscle (a) under static load and (b) under 

dynamic load. 
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The strain is given by the following equation: 

ε =
Lf − Li

Lf
 100%                                                                                                                                (2 − 5) 

Where ‘Lf’ the final length of the actuator is after the application of stimuli Li is the initial length 

of the actuator before the stimulus is applied.  If the loaded or unloaded length of the actuator is 

used for the strain calculation, the strain profile will be different. 

 

 

 

Figure 2-10: 2-ply muscle experimental results: (a) Power supplied to the muscle for five different 

loads; (b) Displacement of the muscle at five different loads and (c) Force generated by the muscle 

on five different weights of 100, 200, 300, 400 and 500 grams. 
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The power supplied to the muscle during actuation (usually electrical power is given) is described 

in terms of the power applied to the muscle per length of the muscle, which is normalized 

power PN. 

PN =
V ∗ I

Li
                                                                                                                                               (2 − 6) 

Where V is the voltage, 𝐼 is the current supplied to the muscle and 𝐿𝑖 is the initial length of the 

muscle before actuation and loaded length. 

To understand the TCP muscles, first we performed experiments to determine the time domain 

response which are essential for iGrab device and others. Hence a 2-ply muscle was made using 

twist insertion in a 60 cm of the silver coated nylon 6,6 sewing thread under a load of 175 g and 

then folding at the center to make it 2-ply. The muscle was then annealed at the constant current 

of 0.62 A at 400 grams of load. The diameter of the muscle was found to be 1.3 mm. We cut a 75 

mm of length out of the fabricated muscle for the experiments. We have used Linear Variable 

Inductive Transducer (LVIT) from Omega ® Engineering to measure the strain against the fixed 

hanging weight and LCEB 05 Omega ® Engineering for the measurement of the load. Temperature 

on the muscle was measured at three different places using K-Type thermocouples. National 

Instrument® cDAQ was used to capture from various transducers at 1 kHz. The schematic diagram 

of the test are shown in the Figure 2.9. 

For constant weight, Figure 2-10 shows the five different loads for the same power magnitude on 

a 2-ply TCP muscle of length 75 mm. The period was 55s and the duty cycle was 45%. We can 

clearly see that smallest weight of 100 grams have the lowest actuation and then actuation is almost 

the same for the 200 grams and 300 grams of load. Further, actuation starts decreasing beyond 400 

grams of load. 
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Figure 2-11: Results for a 2-ply TCP muscle (length 89 mm and diameter 1.3 mm) under dynamic 

loading against a spring (K= 90 N/m)  (a) Power for six different cycles and (b) Displacement 

obtained using an inductive displacement sensor. 

 

 

For dynamic loading, the muscle can give relatively less actuation due to the varying load on it. 

An example of the variable parameter measurement is presented in one of our studies [60].  Figure 

2-11 shows the six cycles of different power magnitude appeared on a 2-ply TCP muscle of length 

89 mm. The period was 45s and the duty cycle was 44%. Different actuation cycles would show 

the different response of the muscle. Low voltage (2V) cannot give rise to a displacement as shown 

at the beginning of the cycle. However, higher voltage such as (5V) can provide a displacement of 

10 mm (a corresponding strain of 11%).  
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2.3.2 Force Measurement of TCP Muscle 

Stresses generated by the muscle shows the capability and the application area where the muscle 

can be used. Stresses can be calculated by measuring the force generated by the muscle. There are 

several studies that presented the force generated by the muscle. Force measurement typically 

requires a load cell. In our previous studies, we have used Omega LCEB-05, LCL-010 load cells 

for dynamic loading or just a calibrated dead weight for constant loading.  

 

 

Figure 2-12: Force measurement for two different muscles, a 2-ply (dia. 1. 25 mm and length 75 

mm) and 3-ply (dia. 1.75 mm and length 75 mm) muscles against a spring for three cycles (a) 

Power cycles ; (b) Temperature profile and (c) Force response measured using Omega LCL-010 

force sensor. 

 

 

Force generated by single, double and triple plied muscles would typically be lying in the range 

on 0-5 N based on the number of plies, material and applied power. The force generated is typically 
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high for the larger diameter precursor fibers. The force generated would also drop significantly for 

mandrel coiled muscles. Again, similar to the displacement, different type of loading will generate 

different types of stresses in the muscle. Static loading would generate constant stresses. For 

example, a 2-ply muscle of 1.35 mm diameter (typical diameter of a 200 µm multifilament) under 

150 gram (1.5 N), 200 gram (2 N) and 300 gram (3 N) would be 1 MPa, 1.37 MPa and 2.05 MPa 

respectively. Several cases of the static loading were reported by Haines et al. [1]. Similarly, we 

can load different types of muscle with static loads for constant stresses. Dynamic loading using a 

spring was presented in one of our previous studies[61]. Figure 2.12 shows the result for the 

dynamic loading study at three different power cycles for 2-ply and 3-ply muscle. 

The stress generated by the actuator σ can be obtained from the following equation: 

σ =
F − Fa

A
 =  

Feff

A
  =  

4Feff

πD2
                                                                                                            (2 − 7) 

Where F is the force obtained from measurement during actuation, Fa is the applied force or pre-

stress in the muscle, Feff is the effective force which is the difference between generated and the 

applied force/load, A is the cross sectional area of the muscle , D is the diameter of the muscle.  

The muscle is assumed to have circular cross section.  

The 2-ply muscle could generate a maximum force of 3.7 N with a pre-stress of 1.5 N. so, the 

effective force generated by the muscle was 2.2 N. The diameter of the 2-ply muscle used was 

1.25 mm, making the area of the muscle under load to be 1.23 mm2 (Assuming the area to be 

constant, which is not true but we can assume so for the sake of simplicity). Hence, the maximum 

stress produced by the 2-ply TCP muscle for 0.34 W/cm (length 75 mm) power is 2.98 N/mm2 

with a pre-stress of 1.25 N/mm2 causing effective stresses to be 1.79 N/mm2. 
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Further, 3-ply muscle was able to generate a maximum force of 4.4 N against a preloading of 1.25 

N. The diameter of the muscle used was 1.75 mm with a length of 7.5 mm. Area of the muscle in 

loading was 2.40 mm2. Hence, the maximum stresses produced by the muscle was 1.84 N/mm2 

against a pre-stressing of 0.5 N/mm2 resulting into an effective stress of 1.34 N/mm2. Hence, the 

stresses produced by a 2-ply muscles are higher than the corresponding stress produced by a 3-ply 

muscle. 

2.3.3 High Speed Actuation (Pulsed Actuation) 

Typically results reported in the literature have shown the slow frequency response of the TCP 

muscles. Since, these muscles work on heat transfer, theoretically and practically the frequency is 

limited by how quick the heat is supplied and extracted from the system. High-temperature pulses 

and forced cooling can provide a high frequency of actuation.   In their initial study [1], shown the 

response of non-silver coated muscle at 1 Hz by switching the hot and cold water alternatively. In 

the same study, authors reported silver coated muscles actuation at 5 Hz when submerged in water. 

Pulsed actuation of a 2-ply muscles are presented in Figure 2-13 showing a contraction with in < 

1s during the heating cycle. 

Figure 2-13 shows the result of the response of a 2-ply muscle against four different type of 

constant weight loading and short pulse power. We have used 100 g, 200 g, 400 g and 500 g 

weights for this study as shown in the Figure 2-13c. The muscle was supplied a pulse of 2.8 A of 

current for one second. The displacement and force profiles of the muscle were recorded as shown 

in the Figure 2-13 b&c. Though the heating time of the muscle is very short but cooling is taking 

longer due to natural cooling of the muscle. We can see from the figure that the muscle performed 

the best for 400 g weight whereas the slowest for the lowest weight of 100 g. These results are 
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similar to regular actuation discussed in the previous section. But unlike, regular actuation, for 200 

g weight, the muscle response was not so good when compared to the 500 g weight during the 

pulsed actuation. 

 

 
 

Figure 2-13: Results for a pulsed actuation of a 2-ply muscle experiments for four different static 

weights of 100, 200, 400 and 500 grams (a) Power supplied to the muscle; (b) Displacement of the 

load; (c) Force response for the corresponding weights.  
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In a different study, Mirvakili et al., have shown the high-frequency response of the silver coated 

sewing thread based TCP muscle. Authors tested the muscle between 5 Hz to 10 Hz to show the 

frequency response of the muscle to a pulse of 45 V.  They showed that the frequency response of 

the muscle has decreased significantly at 6 Hz. Strain becomes almost zero for 10 Hz. Therefore, 

one can say that TCP muscles operate in a frequency range below 10 Hz for pulsed actuation. We 

performed cyclic test on a 2-ply muscle embedded in the orthotic hand at 0.04 Hz under natural 

cooling which be discussed later in Chapter 5. 

2.4 Microscopy 

 Microscopic images will help us in understanding of the structure and shape of the muscles. Figure 

2-14 shows the SEM images of 1-ply and 3-ply muscles.  We performed the SEM of the previously 

used muscles. Figure 2-14a, c & e show 3-ply muscle at different magnification of 100 µm, 20 µm 

and 10 µm (scale bars). In the Figure 2-14a, we can see the closer view of the 3- ply coiled muscle, 

where few filaments are broken due to high usage.  

Also, we can observe that the plied surfaces are held tightly against each other, restricting the 

untwisting and back and forth movement of the muscle fiber. Increased friction makes the muscle 

slower. In the 20 µm (Figure 2.14c) image magnified view of the surface of the 3-ply muscle can 

be seen. Highly twisted fibers are lying in the close vicinity of each other but they are not aligned 

uniform fashion. A uniformity of the fiber alignment can help improving the performance of the 

muscle. Further the Figure 2-14c, shows the 10 µm scale image showing deteriorated coating of 

the silver on the surface on the twisted yarns. Silver flakes and distorted filaments can be seen 

clearly from the image. 
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Figure 2-14: SEM images of  1-ply and 3-ply TCP muscles (a) A 3-ply muscle at 100 µm; (b) 1-

ply muscle at 100 µm; (c) 3-Ply muscle at 20 µm; (d) 1-ply muscle  20 µm, (e) 3-ply muscle at 10 

µm and (f) a 1-ply muscle at 10 µm.   
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Figure 2-14b, d & f show the 100 µm, 20 µm and 10 µm images of the 1-ply muscle. Images 

clearly show the coils are free to move in the longitudinal direction in the absence of the adjacent 

coils like in the Figure 2-14a. From our previous experience with the muscles, we know that 1-ply 

actuator is faster than multiplied muscle. Probably the image clarifies the reason behind the 

contrast in speed of the actuation. Further, Figure 2-14d, shows the 20 µm image consisting of the 

fiber aliments in the coils. Similar to 3-ply muscle, these are also not well aligned. Figure 2-14e 

gives the surface texture of the 1-ply muscle. We can see the worn-out silver coating and the nylon 

fiber looks damaged. Such spots later cause the failure of the muscle. 

2.5 Tensile Testing of the Materials of TCPs 

Tensile testing of Nylon 6,6 (Nominal Tex 92, Nominal Denier 828) precursor fiber, 1-ply, 2-ply 

and 3-ply materials were performed using Instron® 5969 machine by varying the strain rate at 15, 

60 and 120 mm/s and the results are shown in Figure 2-15. Three muscles were prepared as 

discussed in section 2.2 and three samples of each muscle type was used for testing. The precursor 

fiber (Shieldex, PN# 260151011717oz) has the highest stress and the behavior of the stress -strain 

curve did not show much dependence on the strain rate. Similar condition exists for the 1-ply, 2-

ply and 3-ply muscles. The low magnitudes of the stress for 1-ply, 2-ply and 3-ply were attributed 

due to the breakage of the muscles at the crimped edges. 

Testing of the fiber and yarns up to 250 µm requires compliance with ASTM C 1557-14 [69]. As 

mentioned before the test were conducted on Instron® 5969 [70] which comply with the ASTM 

standards with very high accuracy (0.4% for load measurement, 0.05% for position accuracy) with 

a sampling rate up to 2.5 kHz.  
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From the results we can easily observe that the precursor is very strong compared to the coiled 

muscles approximately 20 times stronger than the 1-ply muscle and 60 times stronger than the 3-

ply muscles. Also, as the number of plies for the muscle is increasing, the strength is decreasing. 

The weakest is the 3-ply muscle, which actually fails between 6-10 MPa. 1-ply and 2-ply muscles 

fail around 30 MPa and 15 MPa of stresses respectively. Although the strain rate does not play 

significant role in the failure of the muscle. Mostly, all the samples failed around the same range 

of stress for all the three different strain rates.  

 

 

Figure 2-15: Tensile test results of TCP muscles and precursor fiber (a) Precursor fiber, L= 125 

mm, 121 mm and 119 mm d=0.2 mm; (b) 1-ply, L= 39 mm, 42 mm, 41mm, d=0.75 mm; (c) 2-ply, 

L= 40 mm (for all), d=1.35 mm; and (d) 3-ply, L= 30.52 mm 30 mm, 30 mm, d=1.72 mm. 
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Similar studies of tensile test at different stain rate were presented by Basu, Sandip [71] for copper 

fibers using Agilent UTM T150. Tensile behavior of viscose and acetate rayons, silk and nylon 

were studied by Meredith [72]. The authors tested different materials for effect of rate of extension 

on tensile behavior. Vangheluwe [73] studied effect of strain rate and yarn number on tensile test 

of cotton fibers.  

2.6 Emissivity of the TCP Muscle 

Thermal imaging of the TCP muscles were performed using two different thermal imagining 

cameras, given as a Keysight U5855A and Fluke Ti 450. We have performed the thermal imaging 

on the TCP muscle as well as the SMA. The tests were conducted to find out the temperature 

profile on the surface of the TCP muscle. Figure 2-16 shows the experimental setup used during 

the thermal imaging for finding emissivity. 

 

 

 

Figure 2-16: Experimental setup for the thermal imaging of the TCP muscle. 
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Temperature on the surface of the TCP muscle is not uniform as can be seen from the Figure 2-17. 

The image was taken using a Keysight U5855A thermal imager with a working temperature range 

of 0-350oC and thermal resolution of 320x240 pixels. The image is showing the six points on the 

surface of the muscle and temperature is ranging from 114 oC to a maximum of 196 oC. Such kind 

of the temperature variation is representing the non-uniformity of the silver on the surface of the 

muscle. Previously, we have also seen from the SEM at the surface of the TCP that has the patches 

of distorted silver.  

 

 

 

Figure 2-17: Image showing the temperature profile on the surface of the TCP muscle. Image was 

taken using the Keysight Camera U5855A which has the range of 0-350oC and a thermal resolution 

of 320x240 pixels. 
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Further, thermal imager was used to determine the emissivity of the TCP muscle using the 

experimental setup presented in the Figure 2-16. Detector resolution of the thermal imager (Fluke 

Ti 450) was 320x240 pixels. We have used a thermocouple (K-type) to measure the temperature 

on the surface of the TCP muscle using an Extech multi-meter. This measured value was used as 

the reference value for the thermal imager. We change the value to the emissivity in the thermal 

imager to match the reading on the multi-meter. This value of the emissivity was noted at the 

measured and matched temperature on both thermal imager and the multi-meter. Further, we 

changed the value of input power and measured the corresponding temperature value. We also 

found the emissivity values for these temperature values in a similar manner to that of previous 

one.  Hence, we found out them emissivity of the TCP muscle for its entire operating range. 

Further, these values were verified by redoing the experiment.  

 

 

 

Figure 2-18: Experimental data for the emissivity of a 2-ply TCP muscle on a temperature range 

from room temperature to 160 oC. 
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Figure 2-18 shows the plot for the emissivity of a 2-ply muscle over the range of 20 oC to 160 oC.  

Initially, at the low temperature, the emissivity of the muscle is also very low (approximately 0.4) 

which increases up to 0.65 approximately for the temperature of the 160 oC. This result is important 

for the temperature measurement using thermal imager since emissivity is the key parameter for 

accurate thermal imaging. 
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CHAPTER 3                                                                                                         

FABRICATION PARAMETERS AND PERFORMANCE RELATIONSHIP OF TCP 

MUSCLES AND APPLICATION AS A SENSOR 

 

Twisted and Coiled Polymer (TCP) muscles are soft actuators made by inserting twist in a 

precursor fiber while attaching a dead weight at the end, followed by heat treatment.   TCP muscles 

are thermally driven actuators with high power to weight ratio, high strain and low cost. These 

muscles have a wide variety of applications in engineering, specifically for robotics since these 

actuators have large linear deformation in response to applied power (Joule’s Effect). The 

performance of these muscles depend on numerous fabrication parameters such as speed of the 

coiling, dead weight used, precursor fiber type, number of filament in precursor fiber, number of 

plies and training cycles. An in-depth study of the fabrication parameters is required to understand 

the performance of the muscles.  We have designed experimental setup to study the performance 

of the muscles on different input parameters such as load, current, voltage and output results such 

as displacement, force and temperature. We present the study of 1-ply, 2-ply and 3-ply muscles 

that are fabricated by plying together a twisted and coiled filament.  Further, the power 

consumption of the muscles under various conditions is discussed.  This study would help to 

establish a procedure to fabricate these materials with consistent properties.  

3.1 Introduction 

When a procurer fiber is twisted, coiled, annealed and trained, it will result in a one ply muscle. 

The muscles can be plied or braided together in order to get higher stresses. Typically, 1-ply muscle 

has large stroke and less stress as compared to a 3-ply muscle that has higher stresses and lower 
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stroke. Figure 3-1a shows the three different types of TCP muscles fabricated for our studies and 

Figure 3-1b shows the spring constant for a 2-ply and a 3-ply TCP muscles measured in the passive 

state along with linear fitting. The stiffness was measured using a custom made sensor consisting 

of an Omega LCEB-05 load cell and a LVIT-050 displacement sensor. 

 

 

 

Figure 3-1: (a) Three different types of TCP muscles. 1-ply (diameter 920μm diameter), 2-ply 

(1260 μm diameter) and 3-ply (of 1720 μm diameter); (b) shows stiffness of A 2-ply and 3- ply 

muscle measured in passive state. 

 

 

 

TCP muscles produce high untwisting torques while subjected to heat and hence produce a large 

linear stroke. This linear stroke can be as high as 49% under 1 MPa stress [1]. The direction of 

twist insertion plays a vital role in the behavior of these materials 

Few research groups have presented experimental [63, 74-76] and phenomenological modeling 

[77] and characterization results. Kianzard et al. have recently presented their studies on operating 

temperature ranges and stiffness [67, 75] of the muscles apart from designing a variable stiffness 

structure[75]. While Aziz et al., [78] have presented torsional actuation and Yue et al., [79] have 
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presented the effective Young’s modulus of the muscle. Interestingly, Kim et al., [80] have used 

the properties of the coiled nylon to extract a waste energy out of fluctuating energy cycles and 

showed the use of the material as energy harvesting system. Yip and Niemeyer, and Wu et al., [81, 

82] have worked on the robotic application of these muscles. Few researchers have reported and 

measured certain degree of hysteresis in TCP muscles. We have also conducted the experiment in 

very similar manner and used Joule’s heating to actuate the muscle, unlike Cherubini et al.   [76] 

who  used hot air to perform isothermal and isometric tests and Wu et al., [82] who used hot water 

to  actuate the fishing line muscle. 

Various researchers have reported different results on the TCP muscles.  Cherubini et al. [76] and 

Moretti et al. [74]  have shown a strain of 50% at 80 MPa using a fiber diameter of 0.5 mm fishing 

line muscle, whereas Mirvakili et al. [63] have used two different size precursor fibers (188 µm 

and 296 µm) that are painted with silver and  reported 29 % of actuation at 4.1 MPa stress with 

regard to coil area (equal to 26.8 MPa  when normalized with the precursor fiber diameter). They 

also reported 10% actuation for 2-ply muscle at 4.1 MPa. Kianzard et al. [75] have reported 20 % 

of strain at 20 MPa using a silver coated nylon precursor fiber of 294 µm. But they have clearly 

mentioned that the coiled diameter becomes 2.25 times the original diameter of the fiber, so the 

effective stresses would be around 4-5 MPa. In  similar studies, Wu et al. [82] have reported 22 % 

strain for 200 gm load for a fishing line muscle made of 860 µm precursor fiber diameter that 

resulted in a coil diameter of 3.33 mm, using hot water to actuate the fishing line muscle. Similarly, 

Yip and Niemeyer [81] have reported 10% actuation at 1 N force using a precursor fiber diameter 

of 720 µm.  
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In our recent work [60], we have presented the study of the TCP muscles, which have shown a 

linear relationship between displacement and force output, with very low or no hysteresis. As an 

extension to our previous work, we have conducted further study on the fabrication process of the 

muscle in order to understand the effect of various parameters on the performance of the muscle. 

In this study, we have fabricated the muscles at four different speeds 200, 600, 1000 and 1800 

RPM using a standard DC motor for twisting and coiling of the precursor fiber. The fabrication 

setup and process will be explained later in this chapter. For understanding of the muscle and to 

compare the parameters used, we have provided the fabrication parameters from various research 

groups in Table 3-1. 

 

Table 3-1: Various muscle fabrication parameters used by different investigators. 
Authors Type of Muscle Stresses/ 

Load 

Fiber 

Diameter  

Annealing 

Time/ 

Cycle 

Annealing 

Temperature 

 

Method/ 

Annealing 

Medium 

Haines et al.  [1] Fishing Line/ 

Silver Coated 

Nylon 

Variable  

(Diameter 

Dependent) 

76,-2450 

µm 

Variable Variable Const. 

Temp.  
Air 

Wu et al. [82] Fishing Line 900g 800 µm 2 hrs 1800 C Const. 

Temp. 

Air 

Yip et al.[81] Silver Coated 

Nylon 

50g 720 µm 20 Cycle 1500 C Joule 

Heating 

Air 

Cherubini et al. 

[76] 

Silver Coated 

Nylon 

25 MPa 500 µm 1 hr 1500 C Const. 

Temp. 

Air 

Moretti et 

al.[74] 

Silver Coated 

Nylon 

25 MPa 500 µm 1 hr 1500 C Const. 

Temp. 

Air 

Kianzad et 

al.[67] 

Silver Coated 

Nylon 

21 MPa 294 µm 30 min 1800 C Const. 

Temp. 

Nitroge

n 

Mirvakili et al 

[63]. 

Silver Painted 

Nylon 

1-9 N  180 µm / 

296 µm 

20 Cycle N/A Joule 

Heating 

Air 

Tadesse et 

al.[60] 

Silver Coated 

Nylon 

120 g 180 µm 30 Cycle Variable Joule 

Heating 

Air 

Saharan et al. 

(This work) 

Silver Coated 

Nylon 

125 g 200 µm Varying Variable Joule 

Heating 

Air 
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3.2 Muscle fabrication for the study of the speed of the coiling 

The muscle fabrication process involves three major steps: (i) Twist insertion and coiling, (ii) 

Annealing, and (iii) Training.  

 

 

 

Figure 3-2: Muscle Fabrication Setup. 

 

The performance of the muscle is dependent on how carefully the three steps are carried out. 

Improper twisting and coiling can cause different defects in the muscles. For example, it may 

results in slippage of axis of the coil that can affect the life of the muscle whereas improper 

annealing can cause hysteresis. Our muscle fabrication process is similar to the one described by 
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Haines et al.  [1] except the annealing and training. Figure 3-2 shows a typical muscle fabrication 

setup. For our muscle manufacturing, we have used a precursor fiber (Shieldex, PN# 

260151011717oz), a DC motor, a dead weight (125 g), tachometer, a computer controlled power 

supply and a PC. 

In a typical muscle fabrication process, we take the precursor fiber of a certain length usually thrice 

the desired length of the muscle, tie on side of the thread to a motor and another side to a dead 

weight of optimum value. The dead is used to keep the thread in tension during the twist insertion. 

The precursor fiber can be a silver coated nylon 6,6 or a fishing line. The value of the dead weight 

depends on the diameter and number of filaments in the precursor fiber. The weight used also 

affects the properties of the muscle; e.g. higher weight will give more spacing between coils, while 

less weight can give closely spaced muscles. But too small weight can cause snarling of the thread 

whereas large weight can break the fiber during the twist insertion.  

Once appropriate dimensions are selected, twist insertion in fiber is performed in anticlockwise 

direction (w.r.t. motor axis). During the twist insertion, after a sufficient number of twists get into 

the fiber and it can no longer take more twists, the fiber starts coiling on its own axis. The motor 

can be stopped when coiling is done throughout the muscle fabrication by visual inspection. But 

for automated system, one can use timer for the motor to stop coiling based on the RPM and length 

of the fiber. In our study, we have calculated the number of twist per mm and it is set to be 1.14. 

For example, for a 200 RPM motor and a 1 meter long precursor fiber, the timer was set to have 

342 second and the motor stopped automatically when coiling was done. The timer was set by a 

computer controlled power supply that was connected with the motor.  
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Twist insertion is followed by annealing. Annealing is a typical process for stress relieving. Since 

twist insertion and coiling are cold working on the precursor fiber, mechanical stresses will 

develop in the fiber. So, for annealing, we fixed the muscle to prevent unwinding and then applied 

heat (joule heating) in a cyclic manner up to recrystallization temperature.  

 

 

 

Figure 3-3: Muscle Annealing setup Schematic. 

 

In our case, we have applied electric power for joule heating. For the annealing, we have used the 

same weight as the one used for twist insertion and applied power depends on the length of the 

muscle. In fact the magnitudes of voltage or current needed to obtain desired strain/actuation are 

dependent on so many parameters such as convective heat transfer coefficient, room temperature, 

and surface area of the coiled fiber. So, we need to establish mathematical relation in order to 

standardize the annealing or training process. In the current study, we have applied three annealing 

cycles at a particular voltage and repeated the cycles four times (12 cycles in total), then observed 
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the change in length due to stress relieving. The reason for repeating the process four times was to 

completely get rid of the stresses. Figure 3-3 shows schematic diagram of a typical muscle 

annealing setup, which contains a dead weight, a computer controlled power supply and a PC. 

During the annealing process, we observed a significant color and length change in the muscle 

after stress relieving due to annealing. 

After annealing, we trained the muscles. The training was similar to the annealing except the load 

for training was determined by the later usage of the muscle. We have trained 1-ply muscles using 

a 150 g, 2-ply with 300 g and 3-ply muscles with 450 g loads by suspending vertically (gravity 

directed downwards). 

Table 3-2: TCP muscle fabrication parameters used during this study 
Property 1-Ply 2-Ply 3-Ply 

Precursor Fiber 

Diameter 

200 µm 200 µm 200 µm 

Precursor Fiber Length 711 mm 850 mm£ 711 mm (three 1-ply)€ 

Coil Diameter  920 µm 1260 µm  1720 µm  

Coiled Length 192 mm 244 mm 192 mm (3 quantity) 

No. of Twist per mm 1.14 1.14 1.14 

Total No. of Twists 810 936x2  810 x 3  

No. of Annealing 

Cycles, (Voltage) 

12 (60s each) 12 (60s each) 12 (60s each) 

No. of Training Cycles 12 (30s each) 12 (30s each) 12 (30s each) 

Annealing Voltage 

based on length  

1.1 V / Length  1.1 V /  Length 1 V / Length 

Length used for 

performance Testing* 

95 mm 90 mm 92 mm 

* The length of the muscle was cut to small size to measure the displacement because the range of our position sensor 

(Omega LD 701 ) was limited up to 10mm.  

 

 

To determine the effect of motor speed during twisting and coiling, we have fabricated the muscles 

at four different RPM’s 200, 600, 1000 and 1800. Three samples (1-ply, 2-ply and 3-ply) were 

fabricated for each speed. All the studies were done keeping other parameters fixed except the 

RPM of the motor. RPM was varied by changing the input power to the motor. We measured the 
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RPM of the motor when loaded with fiber and dead weight using a tachometer. These muscles 

were later tested for the performance. All the parameters of muscle fabrication are listed in Table 

3-2. 

3.3 Muscle performance testing 

All the samples fabricated in the previous section (3.2) were tested using a custom made 

experimental setup shown in the schematic diagram shown in Figure 3-4a.   

 

 

Figure 3-4: (a) Schematic diagram of the experimental Setup and (b) Experimental setup used 

during the study. 
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The experimental setup consists of a force/load cell (Omega® LCL 10) for force measurement and 

an inductive displacement sensor (Omega® LD 701). A bias spring was used for the muscle to 

work against a load. A computer controlled power supply was used to actuate the muscle and a 

camera was used to record the video of the actuation. Figure 3-4b shows the actual experimental 

setup. NI cDAQ was used to record the data from the sensors. A metal plate was mounted to the 

bias spring to detect the displacement using the inductive displacement sensor during the actuation 

and relaxation of the TCP muscle. The whole experimental setup was mounted on an optical table. 

Temperature measurements were taken using K-type thermocouple by keeping it in physical 

contact with muscle at the endpoint. Hence, we were able to measure the surface temperature of 

the muscles. Few other researches have used other techniques like thermal imaging to measure the 

surface temperature of such muscles. 

3.4 Results and discussion on the effect of twisting speed for muscle fabrication 

Several performance tests were carried out on all the samples of equal lengths and under similar 

applied voltage sequence of different amplitudes. Figure 3-5 shows the typical time domain results 

of the test carried out on a 2-ply muscle fabricated at 600 RPM. We have used six different voltages 

for the muscle ranging from 2 V to 5 V (Figure 3-5a), and the corresponding current can be 

observed from Figure 3-5b, where the maximum current consumption of the actuator at 4.75 V 

was ~0.9 A. The measured force and displacement are provided in Figure 3-5c and 6d respectively. 

The maximum force and displacement for the 4.7 V applied voltage on the 2-ply muscle were 2.8 

N and 10 mm respectively.  Since the length of the muscle was 89 mm as shown earlier in Table 

3-2, the stroke or strain of the actuator was 11.2%, under an applied load of 1.8N force (pre-stress).  
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Figure 3-5: Time domain state variables for a 2-ply muscle of 89 mm fabricated at 1400 RPM 

under a dead weight of 175 g: (a) Voltage input provided to the muscle, (b) Current supplied to 

the muscle, (c) The force output of the muscle and (d) The displacement of the muscle. 

 

 

The stress in the 2-ply muscle can also be deduced from the force measurement and the stress 

normalized by the area of the precursor fiber was 90.3 MPa and the stress normalized by the coiled 

area was 1.72 MPa.   A red circle is marked in the Figure 3-5d, where the muscle showed a large 

displacement at 4.75 V and the saturation point due to the displacement sensor had a 10 mm range 

limit. The maximum displacement corresponding to the smallest applied voltage 1.88 V was 1.07 

mm which was increased to 9.56 mm for 4.75 V. 

Figure 3-5b shows the force profile generated by the muscle on a load cell in response to applied 

voltage against a passive spring of stiffness K= 90 N/m which was attached to the muscle. The 

profile of the force is triangular having a range of generated value between 0.112 N (Max. force – 
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Pre-force) at 2 V and 0.935 N at 4.75 V. The value of the force may look small but again it depends 

on the amount of load applied for the muscle.  

 

 

 

Figure 3-6: Force and strain of 1-ply, 2-ply and 3-ply muscles that are fabricated at different speed 

(RPM) for twist insertion using silver coated nylon precursor fibers. The input voltage during the 

actuation was maintained at 4.5 V. 

 

 

The speed of the motor used for the fabrication has a significant effect on the performance of the 

muscles. Figure 3-6 shows the effect of the RPM on the force and strain at 4.5 V for all the three 

different muscles (1-ply, 2-ply and 3-ply). 
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Figure 3-7: Power consumed and output work of the muscles that are fabricated at different speed 

(RPM) of twist insertion and evaluated at an applied voltage of 4.5V. 

 

 

 For instance, for the 1-ply muscle, the effective force (difference between the solid and dashed 

line) has the maximum values for samples fabricated at 200 and 1800 RPM, where the performance 

decreased for the sample made at 600 RPM. While for 2-ply muscle, the force is quite opposite 

since the performance increases for 200 RPM until 1000 RPM, and then decreases slightly at 1800 

RPM. 
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However, for 3-ply muscle the force decreased from low speed to high speed with slight variation 

at 1000 RPM. In the force plot, the dashed trend line is the pre-load applied initially and the solid 

line is the trend of the force generated by the muscles. Since the samples have different spring 

stiffness, the pre-load forces are different for each sample. The pre-load forces are the force applied 

on the muscles by the bias spring during the rest position. 

The strain for 1-ply and 3-ply decreased as the speed increased, but for 2-ply a higher strain was 

obtained at 1000 RPM.  The variation of the 2-ply muscle is likely due to the manufacturing 

method and needs further investigation. 

Figure 3-7 shows the total power consumed and work done by the muscles at 4.5 V. The power 

consumed by the muscles was determined by multiplying the current with the voltage and the 

maximum work done by the muscles was obtained by multiplying maximum force with the 

maximum displacement. The power consumption is increased as number of ply increased, such 

that 3-ply consumes higher power than 1-ply and 2-ply. For 1-ply and 2-ply, the power  decreases 

slightly afterwards and remains steady,  where the case is quite opposite for the 3-ply muscle, 

which has a low power consumption at 200 RPM and  increases afterward before becoming 

constant at 1000 and 1800 RPM. 

The maximum work output follows almost the similar pattern as power consumed except for the 

few cases, such that the work done is higher at 200 RPM and 1800 RPM for 1-ply. But the 2-ply 

produced higher output work than 3-ply muscle in most cases.  

The variation of the speed of twist insertion in the precursor fiber resulted in significant variation 

on the performance of the muscles. One of the reasons is the fabrication process of the muscles. 

Another likely reason is resonance effect that influences the performance. The muscles were 
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fabricated by suspending a mass at the tip and applying voltage. The tests were done in the similar 

manner. As the load used during coiling has a mass ‘m’ and the stiffness of each muscle is ‘k’, the 

resonance frequency of each setup should be determined using the relationship.  

ω =
1

2π
√k/m     (3-1) 

 

Figure 3-8: Effect of speed (RPM) of motor used for fabrication of muscles and stiffness of 1-ply, 

2-ply, and 3-ply.  

 

 

To determine natural frequency of the samples, the stiffness of each muscle was determined.  The 

spring constants of annealed muscles were obtained by measuring the static deflection and 

suspending different loads for all three different types of muscles. The stiffness of the muscles 

were plotted using excel to determine the slope by curve fitting the raw data. Thus, the spring 

constants for different type of muscles at varying RPM were determined as shown in Figure 3-8.  
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The natural frequencies of the samples were obtained using Equation 3-1. Since the stiffness of 

the muscles is already determined for each sample and the load used for coiling was 125 gram. 

The values of natural frequencies for the muscles were presented in Figure 3-9. It can be seen in 

the figure that the natural frequencies of each sample are in the range of 2 to 6 Hz (vertical axis in 

Figure 3-9) and the magnitudes of the speed of the motor during coiling were 200, 600, 1000 and 

1800 RPM which correspond to 3.3, 10, 16.6, and 30 Hz.   

 

 

Figure 3-9: Effect of speed (RPM) of motor used for fabrication of muscles and natural frequency 

of 1-ply, 2-ply and 3-ply. 

 

 

The results indicate that the low speeds coiling of the samples are close to the natural frequency 

of the muscles which might result in variation of the performance of the muscles. The above 

analysis is assuming a string/cable loaded with a tip mass and considering axial vibration. 
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However, torsional vibration of the structure in relation to the speed of the motor used for the 

coiling should be determined. This aspect should be investigated in the future.  

3.5 Application of the TCP Muscle as a Temperature Sensor 

Researches have shown a wide variety of applications of these materials, for instance Wu et al. 

[83] have developed a reconfigurable tensegrity robot based on these materials for locomotion. 

Yip et al. [81] have used the silver coated nylon muscles as actuators for a robotic hand. They have 

tested the muscles and showed their ability to produce forces within 30 ms.  In a similar work,  Wu 

et al. [82] showed the application of these muscle as actuators for a child size robotic hand. In their 

work, they discussed the design of the hand and application of the muscles as actuators apart from 

introduction of HBS-1 humanoid robot. In a similar work, Cho et al. [62] have shown the 

application of these muscles in a robotic finger. In our previous work [59], we have used these 

muscles to drive a locking mechanism for a robotic hand or a prosthetic hand. The locking 

mechanism was developed in order to curb the continuous energy need and improve the efficiency 

of the muscles during maintaining fixed positions e.g. holding a glass or something. These muscles 

can also be used to make artificial skin and create facial expressions in humanoid robots. Tomar 

and Tadesse [84] have developed a multilayer skin with embedded sensors and muscles in 

elastomeric skin for use in humanoid robot or other soft robots. They have shown the preliminary 

performance of the muscle along with the thermal management of the heat produced by the joule 

heating of these muscles in embedded conditions. Since the muscles are formed by inserting twists 

in the polymer fiber and resulted in a coiled geometry, we refer them as Twisted and Coiled 

Polymer (TCP) muscles to differentiate from other muscles or actuation technologies.  We used 

“muscles” and “actuator” alternatively to describe the same contractile materials in the entire text.  
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Apart from the application in the field of robotics, Zhang et al. [85] presented crack healing of a 

reinforced composite structure. Fishing line muscle was used in their study to close the cracks and 

then subsequent healing of the crack. In another study, Kianzad et al. [75] have developed a 

biomimetic structure, which resembles the human pennate muscle. This structure has the ability to 

vary stiffness and increase the force similar to our pennate muscles.  Furthermore, Madden and 

Kianzad have shown so many other applications of these muscles such orthotics, prosthetic, and 

robotics [86]. 

 For the application of any material, understanding of structure-property relationship is very 

important. Researchers have provided various properties and behavior of the TCP muscles under 

different conditions. For instance, in our previous work [60], we have presented the force 

displacement relationship of these muscles along with time domain variables of temperature, 

strain, force and input power. In another study, Yue et al. [79] have shown the effective Young’s 

modulus of these muscles, which is important from the point of view that these muscles require 

certain amount of pre-strain to actuate. Operating temperature is also a key parameter for 

application of these materials specifically for temperature measurement. Kianzad et al. [67] have 

shown the temperature range and stiffness of these materials. Aziz et al. [68] have presented their 

study on the torsional actuation and volume change of these materials. They have tested the 

material over a temperature range of 26 -62 oC and concluded that torsional stroke is dependent on 

the amount of twist inserted in the muscle rather than the fiber diameter. In another study, Aziz et 

al. [78] presented the characterization of these materials by measurement of both linear stroke and 

torque blocked due to tethering of one end. 
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Temperature measurement has come a long way since development of the first sealed thermometer 

by Ferdinand II in year 1641 [87]. Childs et al. [88] has provided a very good review of invasive 

and non-invasive techniques of the temperature measurement. This work can be useful in 

understanding the concept of temperature measurement. Accuracy is also very important in the 

temperature measurement system. Bentley [89] described and utilized the sensor characteristics to 

design the signal conditioning for increased accuracy. Moreover, the utilization of thermostat for 

home use is well described by Peffer et al. [90]. 

 

 

Figure 3-10: Thermostat device base on fishing line muscle using four TCP muscles (K=795.6 

N/m) in parallel and a balance spring with spring constant 188 N/m. 

 

Based on our understanding of the muscle in prior studies and literature survey on the muscle, we 

recognized the potential application of the muscle as a sensor of heat flux. The advantage of the 
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proposed design is that it is simple to manufacture compared to bimetallic strip or thermoelectric 

materials, which can be used in applications such as opening and closing of valves and switches.   

3.6 Design of the thermostat 

The device is composed of three different components casing, a balance spring and four artificial 

muscles/actuators. The casing was designed in SolidWorks® and 3D printed in our lab. The casing 

has two similar parts having a compression spring in between.  

A hook was placed at the center of the casing to tie a passive tendon in order to measure the 

response of the four muscles. Compression spring was used to keep the muscles in tension. The 

spring constant can be chosen based on the stiffness of the muscle and size of the device. We have 

used a spring with free length of 77 mm, outer diameter of 19 mm, wire diameter of 1.12 mm and 

a spring constant of 188 N/m. The stiffness of the spring can be decided based on the stiffness of 

the muscles. For example, we used four 1-ply muscles for this particular model, so that total 

stiffness of all the muscles should be equal to that of the spring. Stiffness of a 180 mm long muscle 

was found to be 221 N/m experimentally. Figure 3-10 shows the actual picture of the thermostat. 

Four twisted and coiled fishing line muscles were fabricated and integrated at the periphery of the 

casing as can be observed from the Figure 3-10. Each muscle was 50 mm in length and 1.5 mm in 

nominal diameter crimped at both the ends with a spring constant of 795.6 N/m. Small screws 

were used to keep the muscles in the place. 

The actuators were balanced by the compression spring, and the spring kept the actuators in pre-

strained position. The actuators require high pre-strain in order to work. The device can be placed 

in any fluidic medium such as water or suitable fluid that doesn’t react with the materials of the 

thermostat (nylon, ABS and steel). When subjected to heat, these actuators will contract and hence 
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will compress the spring. The linear movement of hook can be used to activate or deactivate switch 

or valve. 

 

 

 

Figure 3-11: CAD models of the thermostat, (a) the muscles inside the bias spring, (b) muscles 

outside the bias spring, (c) sectional view of muscles inside the bias spring, and (d) sectional view 

of device with muscles outside the bias spring. 

 

Figure 3-11 shows the CAD model of the device in two different configurations. It shows four 

TCP actuators (red), one bias spring (greenish) and casing (gray) of the thermostat device. 

Initially, the device was designed for both the configurations as shown in Figure 3-11a and Figure 

3-11b, where the muscle can either be inside the bias spring or outside, based on the requirements. 

But, certainly keeping the muscles inside the spring will keep it compact. For experimentation 
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purpose, we only tested the design with muscles outside the periphery of the spring, which made 

assembly easier and we can get a clear view of physical movement of the muscles.  

After the design and motion simulation in CAD, we 3D printed the casing and assembled the 

device. We have conducted the testing on the device using an experimental setup, which is 

described in the next section after the description of the muscle fabrication. 

3.7 Fishing line muscle fabrication 

The muscle fabrication in this chapter is similar to the one present by Haines et al. [1] and Wu et 

al. [82]. There are typically two types of fishing line muscle fabrication processes, one is twisting 

and coiling under tension of a dead weight and the other is mandrel coiling.  In the mandrel coiling, 

the twisted fishing line is helically wound around a cylindrical rod to make spring like structure.  

Essentially, there are three sub-steps in muscle fabrication. First, being twist insertion in the 

precursor fiber, then stress relieving in second step and third being the training. Components of a 

typical muscle fabrication system can be seen in Figure 3-12. The left side of Figure 3-12 shows 

the twist insertion in the precursor fiber using an electric motor while attaching a dead weight in 

the other end. We have used commercial Eagle Claw® fishing line with a diameter of 500 µm as 

our precursor fiber. Then, we used a simple DC motor to insert twists under a load of 450 grams 

weight. So, the fiber was twisted under 22.5 MPa (approximately) stress. The fiber twisted under 

a simple load gives a very tightly packed spring structure (raw muscle). The muscles produced 

during this study have 1.5 mm of diameter, which means thrice the diameter of the precursor fiber. 

While mandrel coiled muscles are well spaced and hence have higher actuation than muscles coiled 

under simple load. 
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Figure 3-12: Schematic diagram of Fishing Line Muscle Fabrication System. 

 

After twist insertion, the twisted fibers were annealed in a furnace at 180 oC for 90 minutes while 

in pre-tensioned state utilizing perforated plate. Annealing helps the muscles relieving the stresses 

generated during twist insertion. After annealing, the muscle retains its shape and does not twist 

on its own.     

Training is the last process in muscle fabrication. The training process is basically heating the 

muscle to a certain temperature and then let it cool down for some time while carrying a desired 

load. So, it contracts and expands under a certain load for few cycles in order to get a fixed pattern 

for the same load and under a certain temperature during application. There can be many ways of 

training a muscle such as using hot water or air for few cycles. 

We have used a heat gun to increase the surface temperature of the muscles (right side of Figure 

3-12). Since, these muscles were closely packed, they were initially trained at 1 kg weight (5.6 



 

68 

MPa approximately, when normalized with the coiled diameter) to increase the spacing between 

coils for five cycles. Then, we obtained finely spaced coils. We applied another training cycle on 

the muscles at 400 gram load (2.25 MPa approximately) for 12 cycles, each 30 seconds (15 s On 

and 15 s Off) by moving the heat gun top to bottom and bottom to top and blowing the hot air. 

Finally, the muscles were ready to assemble in the device. We have used four muscles of 50 mm 

in length for use in the thermostat.  

3.8 Experimental setup for testing- Temperature sensing 

The experimental setup for testing the device was composed of a load cell (Omega® LCL 010) for 

force measurement, a displacement sensor (Omega ® LD 701), a K-type thermocouple, NI cDAQ, 

a PC and a water container. The experimental setup was mounted on an optical table. Figure 3-13 

shows the actual experimental setup. 

A plastic glass was used as water container, which was fixed on the optical table using two sided 

tape. The new thermostat device was fixed at the bottom of the water container and a passive 

tendon was used to connect the hook on the device. The tendon was connected to a spring, which 

was attached to the load cell using a split ring as can be seen in Fig. 3-13. The load cell was 

mounted on a stand such that it remains sturdy. 

Special attention was given to keep the thermostat, tendon, and spring and load cell in a straight 

line, so that force and displacement can be measured accurately. The displacement sensor was also 

mounted firmly on a stand. A metal plate was attached to the spring to measure the displacement 

from the inductive sensor. Water was used as medium to test the device and the temperature of the 

water was varied by using a tea maker. The force, displacement and temperature of the thermostat 
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were measured by filling the container with water at different temperature and recording the 

parameters with the sensors described.  

 

 

Figure 3-13: Experimental Setup for Testing of Thermocouple Device 

 

 

3.9 Results and discussion 

Experiments have shown very interesting behavior of the device when subjected to variable heat 

flux. The device was tested for seven different temperatures in the range of 40-100 oC. In spectrum 

of 40-100 oC with 10 oC variation of temperature, gives clear and distinctive curves of stress and 

strain of the device.  
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Figure 3-14: Characteristics of the thermostat device made with four fishing line muscles in 

response to a water bath at different temperature, (a) Force vs Time relationship for the device; (b) 

Displacement vs Time relationship (b) Temperature vs Time measured by the thermocouple. 

 

Figure 3-14a shows the force-time relationship of the device. The initial value 3.2 N is the initial 

pre-load applied to the structure. Figure 3-14b and Figure 3-14c show the displacement and 

temperature w.r.t. time relationships of the device respectively.  From the figures, we can see a 

considerable force and displacement generated by the muscles in response to different temperature 

of water in a bath/container.  The displacement for the 40 oC water bath was 1 mm with 0.1 N 

effective force, which is a significant amount from a sensor’s point of view. The displacement and 
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force can be used as a parameter for sensing the change in temperature of water. Similarly, for 95 

oC, the device has produced 0.45 N force and 6 mm displacement, which is significant for sensing 

as well as acting as an actuator in response to temperature within a certain range. The temperature 

poured in the glass container was 100 oC but due to the heat loss, the average temperature measured 

by the thermocouple was 95 oC. If we compare all the three figures (Figure 3-14a-c), decreasing 

the temperature of the water in the bath/container, the force and displacement also starts falling 

almost linearly. 

Apart from discrete values at a constant temperature (heated water and poured in the bath), the 

behavior of the muscles in response to varying temperature is also interesting. As seen from 

Figure3-14, the rise time from 0 to 10 s, all the state variables reach steady state faster, whereas 

the fall time from 50 to 70 s were slow. This phenomenon is due to the heat transfer coefficient 

and the thermal mass of the actuators that lead to slowly decaying signals in the entire state 

variable.  This property shows the stress, strain and temperature are interrelated to each other to 

give the very accurate values in response to small changes in temperature.  Figure 3-14c is the 

temperature of the water bath measured using a thermocouple, both the steady state and transient 

states of the temperature profiles are shown in the time domain plots.   

Figure 3-15 shows the force vs temperature and strain vs temperature relationship of the 

thermostat. These results were deduced from the data presented in Figure 3-14. Stress shown in 

the Figure 3-15a was calculated by assuming that total force is generated by the equal efforts of 

all the muscles. Hence, stress generated was calculated by force divided by four times the area of 

each muscle. The force vs temperature holds a linear relationship (Figure 3-15a) with R2 value of 

0.9951. 
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Figure 3-15: Response of the thermostat made with four actuators in parallel, (a) Temperature vs 

Force Relationship along with linear and quadratic fit curves; (b) Temperature vs Displacement 

Relationship along with Linear and quadratic fit curves. 

 

The following is the equation from the linear fitting of the device for force -temperature 

measurement consisting of four TCP actuators: 

 Where: 

F = Force generated by the thermostat (sensor)  

F = 0.0064T − 0.13           (3-2) 
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T= Temperature of the medium 

In a similar analysis for strain vs temperature relationship, a linear fitting has R2 value of 0.9945. 

The following equation gives us the linear fitting of strain-temperature of the thermostat: 

Where: 

ϵ = Strain generated by the thermostat (sensor) 

T= Temperature of the medium 

Both the stress and strain hold the linear relationship with temperature. The equations were 

obtained by curve fitting with R-squared values above 0.99. Therefore, the linear approximation 

is valid.   

Although the application of the device as a thermostat is described in the chapter, the principle of 

the device can be applied to numerous usage of the device as a control valve for underwater 

applications.  For example, it can be used to control a fluid system in underwater environment to 

direct the flow of one fluid to the other stream. It can also be used for sensing the direction of heat 

flux.  

3.10 Conclusion 

This chapter explained the study to determine the influence of speed of twist insertion on a 

precursor fiber during fabrication of Twisted and Coiled Polymer (TCP) muscles and the 

associated performance of TCP muscles. We fabricated 1-ply, 2-ply and 3-ply silver coated nylon 

muscles and determined the force and displacement, power, work done and natural frequency of 

samples.  During this study, we observed that different performances at different speed (RPM) of 

the motor used to fabricate the muscles. This study was mainly on the dynamic loading where 

ϵ = 0.15T − 3.3           (3-3) 
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maximum strain was 10% obtained for a 2-ply muscle fabricated at 1000 RPM. Of course 

maximum force generated was from a 3-ply muscle but maximum output work was also done by 

the 2-ply muscle fabricated at 1000 RPM. From this we can say that, 2-ply muscle fabricated at 

1000 RPM was the most efficient one among the muscles fabricated during this study. But our 

study was limited to 10 mm of the displacement due to limitation of the displacement sensor. 

Therefore, the study was done at low power inputs. Other characterization is needed to determine 

the maximum capabilities of these muscles. 

Further, the application of the TCP muscle is described as sensor in form of a novel thermostat 

device. This device was made of 3D printable casing and readily available spring and fishing line 

muscles. Tests conducted on the device have shown a force output of 0.1 - 0.4 N force and 1- 6 

mm displacement in response to a water bath of temperature (40 oC to 100 oC) from which one can 

conclude that this device has potential to be used as a new thermostat device that has both sensing 

and actuation capabilities. The limitation of the device is a smaller temperature range (40 oC to 

100 oC). But, this temperature range is significant for a wide verity of devices. Other issues might 

be different mediums in which it can be used.  
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CHAPTER 4                                                                                                                

MODELING AND SIMULATION OF THE TCP BASED HUMANOID HAND - EULER-

LAGRANGIAN APPROACH 

 

A small, compact, biomimetic, under-actuated hand of a humanoid robot (HBS) was developed in 

our laboratory and presented in Wu et al.[61]. The hand was 3D printed, light in weight and 

actuated by novel material, Twisted and Coiled Polymer (TCP) muscles. To understand the motion 

of the fingers, we have developed a model following the Euler-Lagrangian approach integrated 

with electro-thermo-mechanical model based transfer function. We performed the experiments for 

three input currents given as 2.5A (3.4W/cm), 2.7A (4.0W/cm) and 2.9A (4.7W/cm) and measured 

the angular displacement of the index finger subtended corresponding to these power inputs. The 

input and output parameters of the TCP muscle during these experiments were measured and used 

for system identification. Further, a Simulink® was used to perform simulation using experimental 

and theoretical input force. We have quantified statistically and compared the simulation and 

experimental results. In the end, sensitivity analysis is presented to understand the effect of the 

parameters. This model will help in understanding the effect of the TCP muscles on the dynamics 

of the robotic hand and future work on the closed loop control. 

4.1 Introduction 

Robotic, humanoid or prosthetic hand is the name given to a mechanical device similar to the 

human hand in configuration, appearance and working principle. The primary purpose of such 

devices is to achieve comparable dexterity or surpass the capability of a human hand.  Several 

robotic hands and exoskeleton have been developed [91-97] to achieve these goals since the early 
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90’s. Shape memory alloy (SMA) which is also a linear actuator as Twisted and Coiled Polymer 

(TCP). SMA based designs are widely used by various laboratories [98-104] for research. The 

progress, summary and challenges of these devices [105-108] are presented in the literature.  

 

 

 

Figure 4-1: (a) Humanoid hand actuated by TCP muscles and holding a ball, and (b) SEM image 

of a 3-ply muscle used in the hand. 

 

 

To exploit actuation capabilities of the recently invented TCP [1] muscles, we have developed a 

3D printable, lightweight and compact hand[61]. The hand is cost-effective and capable of doing 

various prehensile and non-prehensile movements. TCP muscles are soft actuators that are 

biomimetic and better than SMAs in many characteristics, in terms of light weight, negligible 

hysteresis, cost, availability, and manufacturability. Due to their imperative features, TCP muscles 
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have been used  for similar applications in [109, 110] for robotic/ humanoid hand  and developing 

sensors[111]. 

Figure 4-1 shows the picture of the robotic hand actuated by TCP muscles in the forearm. The 

fingers are 3D printed using ABS plastics, and tendons are connected to the muscles. For a better 

understanding of the angular motion of the TCP muscle-actuated robotic finger, dynamic modeling 

is required. The dynamic model presented in this chapter uses Lagrangian dynamics [112-114] for 

analytical modeling of the fingers, following a similar approach presented for a 3-DOF 

manipulator [115, 116]. There are many approaches for dynamic studies of mechanical systems 

such as the Newton-Euler [117], D’Alembert [118] and Euler-Lagrangian [112, 115, 119]. Each 

has its own pros and cons. We chose the Euler-Lagrange method, as it is energy based and suitable 

to implement in Simulink®. The Euler-Lagrange approach has been used widely for dynamic 

analysis of various systems. Fok and Chou [16] have compared the approaches and produced a 

table which helps to choose an application specific methods or as a guide to developing a new one. 

Denavit-Hertenberg [119, 120] can be used to determine the kinematics of the system.  

The equations derived for the robotic finger were used to develop a Simulink® model to perform 

simulation based on the force profile of the TCP muscles.  The hand physical parameters and 

inertial properties were obtained from SolidWorks® model of the hand;  and the material 

properties of the TCP muscles were obtained from ref. [60]. The Simulink model was solved based 

on the force profiles of the TCP muscles obtained during normal actuations. Normal actuation is 

defined as the joule heating of the muscle using square wave electrical voltage. The simulation 

results were also compared with the experimental results and showed good agreement.  Simulation 

is important for understanding, controlling and further developing of TCP hand. This study is 
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different from those in the literature as it presents the complete derivation and explicit equation 

suitable for Simulink model of the three-link manipulator.  

The main focus of this chapter is : (1) detailed study on the coupling of the new TCP muscles 

output parameter and a robotic finger, utilizing practical input power and force profile, material 

and inertial properties of the finger that are not found in the literature. (2) The explicit equation 

sets that can be easily coded in Simulink for studying the effect of parametric variation. (3) 

Explaining the key properties (displacement, force, temperature, and input voltage/power) of the 

TCP muscle relevant for robotic hand and other similar structures (4) System Identification of the 

coupled system and integration with Euler-Langrangian model; (5) Prediction of the angular 

displacement and velocity from input electrical voltage and force; (6) Effect of the inertial 

properties of the finger on its motion. 

4.2 Design of Artificial Hand Based on TCP muscles 

The fundamental design goal of many robotic or humanoid hands is to mimic basic capabilities of 

the human hands, such as pinching, grasping, releasing and manipulating objects in space. 

Additional design goals are cost-effectiveness, lightweight, and high dexterity. It is difficult to 

replicate tactile sensation and dexterous manipulation at the same time in humanoid hands. 

However, the TCP hand [61] meets some of the requirements of robotic hand – such that low-cost 

and high-performance in actuation. The TCP hand is a tendon-driven biomimetic actuation system 

driven by TCP. Figure 4-2 shows the schematic diagram of the index finger of our humanoid hand, 

including the arrangement of actuator system encompassing torsional springs, guide systems, 

tendons, and the TCP muscles housed in the forearm. In our robot hand, all five fingers consist of 

three joints as shown in Figure 4-2. The end of each phalanx includes holes for bolts to create 
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moveable joints. In Figure 4-2b, the DIP, PIP, and MCP joints are shown, along with groves on 

the side of each phalanx used to recess torsional springs. The torsional springs made of music wire 

were used in conjunction with the 3-ply actuators to create finger extension/flexion. The working 

principle of the finger is as follows. For the flexion motion, electric power is supplied to the 3-ply 

muscle to generate heat and trigger the contraction motion. A 3-ply muscle was preferred, as flexor 

tendons required higher strength to overcome the torsional springs. When the power is turned off, 

the muscle undergoes natural cooling in air and the torsional springs returns the finger back to its 

original position. The range of finger bending motion depends on the location of the flexible strings 

with respect to the offset from the centerline of the joints and the contraction of the TCP muscles. 

 

Figure 4-2: CAD model of the index finger, (a) The hand which has 3-ply flexor muscles with 

torsional springs before actuation, and (b) Isometric view of the hand during flexion. 

 

We designed the hand for a humanoid robot equivalent to the size of a sever year old child [121]. 

The lengths of the phalanges in hand are summarized in Table 4-1. As the size of the hand is small, 

a compact tendon-driven mechanism is an appropriate choice to achieve proper fingertip force. 

The actuators were located in the forearm and connected to the fingers via strings. PIP and DIP 

joints of the human hand move in near-synchrony, therefore, the strings in our model were attached 

to the distal phalanges, allowing flexion of the entire finger. The strings were routed along the 

volar aspects of the fingers through semicircular guides. 
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Table 4-1: Phalangeal parameter assigned for humanoid hand and muscle lengths used in the hand. 

 Finger 
Length of phalanx(mm) Total(mm) 

Muscle length (mm) used in the 

hand 

L1 L2 L3 Lt Flexor Muscle 

1 Thumb 18 15 14 47 92 

2 Index 12 9 12 33 88 

3 Middle 18 15 14 47 94 

4 Ring 13 11 13 37 82 

5 Little 13 11 11 35 89 

 

All the fingers and hand parts were designed in SolidWorks® separately and assembled following 

a bottom-up assembly modeling approach. The parts were fabricated by a 3D printer using ABS 

plus material. The resolution of the printer was 0.178 mm (0.007 in), the thickness of one printed 

layer. When designing the finger components, the minimum joint tolerance was considered. The 

smallest features in the fingers were the 2 mm holes, used to connect the links, which form the 

joints.  

4.3 TCP Muscles Actuation Study 

Understanding the actuator is essential to perform dynamic modeling of the entire system, 

specifically, input force profile. A study on 1-ply, 2-ply and 3-ply TCP muscles was conducted to 

characterize our actuators. All the three muscles/actuators have similar input and output force 

profile except the magnitude. We used 3-ply muscle for the robotic hand design and hence 

experimental setup was established to determine the characteristics to better understand the 

actuator. The experimental setup (Figure 4-3) includes a load cell (Omega® LCL-010), laser 

displacement sensor (Keyence LK-G5000), a K-type thermocouple of 30 gauges (Omega®), a 

computer controlled power supply (BK Precision® 9182) and a National Instrument DAQ. 
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Figure 4-3: Experimental setup for measurement of the key parameters of the actuator used for the 

robotic hand (3-ply muscle). 

 

 

The muscle used for the study was a 3-ply muscle coiled at 600 RPM having a loaded length of 

135 mm and diameter of 1.7 mm. We applied a 3 N pre-stress (as a representative time domain 

plot) on the muscle during experiments and used a spring with a stiffness of 235 N/m. Figure 4-4 

shows four different time domain state variables. The power in Figure 4-4a are input profiles, 

whereas force, displacement and temperature in Figure 4-4b-d are corresponding output response 

profiles.  

Four different input voltage magnitudes were applied to obtain the corresponding response of the 

muscle. The data were collected at 1 kHz frequency and the raw data are plotted. The muscle could 

produce a maximum effective force of 1.4 N. The maximum linear contraction of the muscle was 

13.7 mm which is 10 % of the unloaded length of the actuator.  
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Figure 4-4: Input and response profile for the TCP muscle measured using the experimental setup, 

(a) The input power signals, (b) The output force response corresponding to the input signals (c) 

displacement response, here displacement means linear stroke (contraction) and (d) temperature at 

the surface of the muscle. 

 

 

This is the strain under dynamic load (linear spring as shown in the setup Fig. 4-3). The TCP 

muscle could provide a strain up to 16% under static load and depending on the pre-stress. 

Temperature is the cause of the actuation in TCP muscle.  In this experiment, the temperature 

change was obtained by applying a power as shown in Figure 4-4a, but the temperature change 
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can be applied to the muscle using cold and hot fluid as well.  We have measured the temperature 

as shown in Figure 4-4d. 

The maximum actuation and force was calculated at a maximum power of 7.60 W (0.55 W/cm) 

producing a temperature of 240 oC.  All these parameters were measured using the experimental 

setup as shown in Figure 4-3 and shows the typical response of the actuator. The maximum 

actuation and force was calculated at a maximum power of 7.60 W (0.55 W/cm) producing a 

temperature of 240 oC.  All these parameters were measured using the experimental setup as shown 

in Figure 4-3 and shows the typical response of the actuator. 

 

 

 

Figure 4-5: Force generated by the 3-ply muscle as a function displacement for four cycles. 

 

 

Figure 4-5 shows the force vs displacement relationships for four cycles, which are overlapping 

each other, indicating linearity of the displacement and force. This is one of the benefits of the 

TCP muscle. 



 

84 

Figure 4-6 shows the input power supplied (the product of voltage and current) to the muscle and 

the work done by the muscle (the product of force generated and displacement of the muscle). For 

instance, under normal circumstance i.e. natural cooling, the muscle relaxation takes longer time 

than contraction especially at the end of the duty cycle. The ratio of the actuation to relaxation 

time was 1:2 (15s heating and 30s cooling time), which implies longer time to return to the original 

position. This can be solved by using forced cooling.  

 

 

Figure 4-6: Four input power profiles provided to the 3-ply muscle (Red) in relation to response 

profile in terms of the output work done (Black). 

 

 

4.4 Dynamic Modeling: Lagrangian Modeling for 3 link finger 

The schematic diagram of the biomimetic finger is shown Figure 4-7 consisting of three phalanges, 

which correspond to the proximal, middle and distal phalanges. As stated earlier, we have used 

Euler-Lagrangian approach for the dynamic modeling of the index finger to determine the velocity 
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Jacobians. The offset ‘e’ for the tendon is assumed to be constant. The modeling approach follows 

the one described by Spong et al. [112].   

 

 

Figure 4-7: (a) Free body diagram of the finger, (b) the prototype hand after actuation and (c) 

prototype hand before actuation. 

 

 

The following assumptions were made for the modeling of the finger dynamics: (1) the friction 

between the links is neglected, (2) tendon movement is smooth and experiences no jerk while 

passing through guides (i.e. tension is uniform throughout the string tendon), (3) all the springs 

have the same properties, and (4) the input force profile of the actuator (TCP muscle) is known 

prior from experimental results. The general equation for the Euler-Lagrangian modeling is as 

follows: 

d

dt
(

∂K

∂qi̇
) − (

∂K

∂qi
) +

∂P

∂qi
= τi    

                                               (4-1) 

Where: K, P and τi   are kinetic energy, potential energy and torque respectively.  
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The kinetic energy (K) has two components, the linear velocity and rotational velocity components 

in terms of the joint variables q = [q1 q2 q3]T = [θ1 θ2 θ3]T and their derivatives. The velocity 

terms in terms of Jacobian matrix can be described by:    

vi = Jvi(q)q̇ ,         ωi = Jωi(q)q̇                                                                       (4-2) 

The velocity Jacobians provided below is derived from the geometry of the links as shown in 

Figure 4-7b. The Jvi are the velocity Jacobians (i = 1,2,3), which are extensions of two links 

velocity Jacobians described in [112, 122]. The  Jvi(q)  is the Jacobian that correlates the velocity 

of center of mass to the joint angular positions q̇ and Jωi is the angular velocity Jacobian of link i 

relative to the inertial frame of reference. The velocity Jacobians are consistent with Jacobians 

developed by Goutam and Aw [49]. 

 

Jv1 = [
−lc1 sin q1 0 0
lc1 cos q1 0 0

0 0 0

] 
 (4-3a) 

 

Jv2 = [
−l1 sin q1 − lc2 sin(q1 + q2) −lc2 sin(q1 + q2) 0

l1 cos q1 + lc2 cos(q1 + q2) lc2 cos(q1 + q2) 0
0 0 0

]  
(4-3b) 

Jv3 = [

w11 w12 w13

w21 w22 w23

w31 w32 w33

] 
(4-3c) 

Where: 

w11 =  −l1 sin q1 − l2 sin(q1 + q2 − lc3 sin(q1 + q2 + q3) 

w12 = −l2 sin(q1 + q2) − lc3 sin(q1 + q2 + q3)) 

w13 = −lc3 sin(q1 + q2 + q3)) 

w21 = l1 cos q1 + l2 cos(q1 + q2) + lc3 cos(q1 + q2 + q3) 
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After analyzing the rotational motion of the links and due to the fact that all the joints are revolute 

joints, the rotational Jacobian,  Jωi are given by: 

Jωi =
1

2
{I1 [

1 0 0
0 0 0
0 0 0

] + I2 [
1 1 0
1 1 0
0 0 0

] + I3 [
1 1 1
1 1 1
1 1 1

]} 
   (4-4) 

Therefore, the kinetic energy of the linkage system is given by: 

K =
1

2
mivi

Tvi +
1

2
ωi

TIωi 
   (4-5) 

Where ‘mi’ the mass of each link and ‘I’ the moment of inertia about the centroid of each link. 

Substituting Equation (4-3) and Equation (4-4) into Equation (4-2) and using the generalized 

definition of kinetic energy (Equation 4-5) yields Equation (4-6). A rotation matrix ‘Ri(q)’ that 

correlates each link is used to transform the inertias to the inertial frame of reference (The same 

equation as Spong et al. [112]). 

K =
1

2
q̇T ∑[mi Jvi(q)TJvi(q)

n

i=1

+ Jωi(q)TRi(q)IiRi(q)TJωi(q)]q̇     (4-6) 

The total kinetic energy can be written in short form as: 

K= 
1

2
q̇TD(q)q̇                  (4-7) 

Here, D is inertia matrix of the links (robotic fingers).  

w22 = l2 cos(q1 + q2) + lc3 cos(q1 + q2 + q3) 

w23 = lc3 cos(q1 + q2 + q3) 

lci  are the center of mass of each link obtained from SolidWorks.  

All other elements of  𝐽𝑣3   are 0. 
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D =  ∑[mi Jvi(q)TJvi(q)

n

i=1

+ Jωi(q)TRi(q)IiRi(q)TJωi(q)] 
 

(4-8) 

The potential energy (assuming gravity is downward in Figure 4-7), ‘Pg’ due to gravity for the 

robotic finger is as follows: 

Pg = P1 + P2 + P3   (4-9) 

Where: 

P1 = m1glc1 sin q1 

P2 = m2g(l1 sin q1 + lc2 sin(q1 + q2)) 

P3 = m3g(l1 sin q1 + l2 sin(q1 + q2) + lc3 sin(q1 + q2 + q3)) 

In our robotic hands, torsional springs are used for the return motion. The elastic potential energy 

‘Pe’ due to the springs 𝑘𝑡𝑖 (𝑖 = 1,2,3) can be written as: 

Pe =
1

2
(kt1q1

2 + kt2q2
2 + kt3q3

2) 
          (4-10) 

Hence the total potential energy P becomes: 

P = (m1lc1 + m2l1 + m3l1)g sin q1 + (m2lc2 + m3l2)g sin(q1 + q2) +

m3glc3 sin(q1 + q2 + q3) +  
1

2
(kt1q1

2 + kt2q2
2 + kt3q3

2) 

    (4-11) 

Therefore, the potential energy derivatives are:   

∅1 =
∂P

∂q1
                      ∅2 =  

∂P

∂q2
                                      ∅3 =

∂P

∂q3
  (4-12) 

Taking the respective partial derivatives (Equation (4-6)) with respect to ‘q’ and time ‘t’, also using 

potential energy derivatives into the Euler-Lagrange Equation (Equation (4-1)) and rearranging 

yields:   
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∑ dkjq̈j +

j

∑ {
∂dkj

∂qi
−

1

2

∂dij

∂qk
} q̇iq̇j +

∂P

∂qk
= τk

i,j

 (4-13) 

The coefficients of the centrifugal and Coriolis components (q̇iq̇j) are also known as Christoffel 

coefficients [112] given as: 

Cijk = {
∂dkj

∂qi
−

1

2

∂dij

∂qk
}      (4-14) 

where ‘i', ‘j’ and ‘k’ ϵ (1, 2, 3). 

 The inertia matrix D was generated by the application of series of mathematical operations using 

Equation (4-8). We used MATLAB® symbolic tool to solve the coefficients of the inertia matrix 

and checked manually as well. 

D =  [

d11 d12 d13

d21 d22 d23

d31 d32 d33

] 

(4-15) 

Where: 

d11 = m1lc1
2 + m2{l1

2 + lc2
2 + 2l1lc2 cos q2} + m3{l1

2 +   l2
2 + lc3

2 + 2l1l2 cos q2 +

2l2lc3 cos q3 +  2l1lc3 cos(q2 + q3)} + I1 + I2 + I3  

 

d12 = d21 = m2(lc2
2 + l1lc2 cos q2) + m3{l2

2 +   lc3
2 + 2l2lc3 cos q3 +

l2 cos q2 + l1lc3 cos(q2 + q3)} + I2 + I3  

 

d13 = d31 = m3{lc3
2 + l1lc3 cos(q2 + q3) +  l2lc3 cos q3} + I3  

 

d23 = d32 = m3(lc3
2 + l2lc3 cos q3) + I3 

 

 

 

 

 

 

 

(4-16) 
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d22 = m3(l2
2 + lc3

2 + 2l2lc3 cos q3) + m2lc2
2 + I2 + I3 

 

d33 = m3lc3
2 + I3 

Once the inertial matrix is found, the Christoffel coefficients (C111, C222, … C333), are obtained 

using Equation (4-14) and the results are summarized as:  

C112 = m2h1 + m3(h2 + h4) 

C113 = m3(h2 + h3) 

C123 = C213 = C223 = m3h3 

C121 = C211 = C221 = −m2h1 − m3(h2 + h4) 

C232 = C322 = C332 = C132 = C312 = −m3h3 

C131 = C311 = C231 = C321 = C331 = −m3(h2 + h3) 

C111 =  C222 = C122 = C212 = C133 = C313 = C233 = C323 = C333 = 0 

 

 

 

 

 

(4-17) 

 

Where: 

h1 = l1lc2 sin q2 

h3 = l2lc3 sin q3  

 

h2 = l1lc3 sin(q2 + q3) 

h4 = l1l2 sin q2 

 

Equation (4-13) is the same as Spong et al. [112], Equation 6.55. This equation is expanded for 

three links and yields the following equation set: 

τ1 = d11q̈1 + d12q̈2 + d13q̈3 + C111q̇1
2 + C221q̇2

2 + C331q̇3
2 + (C211 +

C121)q̇1q̇2 + (C311 + C131)q̇3q̇1 + (C321 + C231)q̇2q̇3 + ∅1 + τd1  

 

(4-18a) 
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τ2 = d21q̈1 + d22q̈2 + d23q̈3 + C112q̇1
2 + C222q̇2

2 + C332q̇3
2 + (C212 +

C122)q̇1q̇2 + (C312 + C132)q̇3q̇1 + (C322 + C232)q̇2q̇3 + ∅2 + τd2  

(4-18b) 

 

 

τ3 = d31q̈1 + d32q̈2 + d33q̈3 + C113q̇1
2 + C223q̇2

2 + C333q̇3
2 + (C213 +

C123)q̇1q̇2 + (C313 + C133)q̇3q̇1 + (C323 + C233)q̇2q̇3 + ∅3 + τd3  

(4-18c) 

 

But in the Equation (4-18), we have added one extra damping term i.e. τdi = cd q̇i (i= 1,2,3) which 

is proportional to the angular velocity of the link q̇i. A similar modification of dynamic equation 

was presented by Lewis et al. [123]. 

Where the dij are components of the inertia matrix (matrix D) and Cijk are the coefficients of the 

centrifugal and Coriolis components (q̇iq̇j). qi is the angular displacement (the same θi as defined 

in Figure 4-7), q̇i is the angular velocity, q̈i is the angular acceleration, ∅i is the partial derivative 

of potential energy with respect to joint qi, τdi = cd q̇i (i = 1, 2, 3) is a damping torque and τi is 

the torque at a joint. Similar equations were derived by Li et al. [14] for calculating the moments 

of the joints of three fingers in order to determine the effect of the extrinsic and intrinsic muscles 

on the movement of the finger. Joint friction and structural damping can be considered in the 

dynamic equation, as shown in ref. [124]. Damping is an integral part of the human [125, 126] as 

well as bio-mimetic robotic finger joints [127, 128], which helps control and complete dexterous 

movements. Therefore, as stated earlier, we have considered the effect of damping factor in 

Equation 4-18 by adding terms τdi. 
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All the elements of the inertia matrix (Equation 4-15), Coriolis and centrifugal components 

(Equation 4-17) and potential energy (Equation 4-12), are used in the torque Equation set 4-18. A 

Simulink model was created to solve the coupled dynamic equations (Equation 4-18). 

The modeling of the nylon actuator is not performed in this study, but we have determined the 

actuation response by mounting a force sensor at the end of the actuator for the finger shown in 

Figure 4-3b. The force response of the actuator as shown in Figure 4-7 (experimental result) was 

used as an input to the finger dynamic equations. The force/stress generated by the actuator 

increases and reaches maximum force upon actuation. Therefore, a parabolic or harmonic function 

can represent the force response of the nylon actuator. Assuming the torque generated by the TCP 

actuator is distributed at each joint (τ1 = MCP joint, τ2 = PIP joint and τ3 = DIP joint) with certain 

factors, the torques can be written as in Equation 20: 

τ3 = γτ ;     τ2 = βτ;      τ1 = ατ;        τ = Fe (4-19) 

Where: F is the force generated by the TCP actuator and e is the offset distance of the tendon. α, 

β, and γ are the fractions of torque on each joint. These parameters can be determined based on the 

design and configuration of the finger. Zollo et al. [129] and Carrozza [130] have used similar 

assumptions to determine the applied torque at each joint.  The next section presents simulation 

results for 3-ply TCP muscle based on the discussion above.   

4.5 Simulation of Finger Motions for Regular Actuation 

Simulations were performed using Simulink (Matlab® R2016a) by directly implementing the 

analytical equations of motion (torque of a three-link). Using Simulink model shown in Figure 4-

9 for Equation 4-19 and parameters listed in Table 4-2, we obtained the simulation results of joint 

angles corresponding to amplitude of input torque 𝜏𝑖 (using Equation 4-19, setting the force F = 3 
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N for various signals and the offset distance of the actuator 𝑒 = 4.5 mm). The values of α, β and γ 

were set to be 1 for all three joints, resulting in 𝜏1 =  𝜏2  =  𝜏3 = 1.5 x 10-2 N-m for normal actuation. 

Initially, the coefficients α, β and γ were varied iteratively until the torques provide the same 

experimentally measured angles for a particular force, but then kept constant for various signals 

and input force amplitudes. For the first simulation set, sinusoidal input torque was synthetically 

created in Matlab® workspace.  

We also provided the original force measured to actuate the finger and multiplied with the offset 

“𝑒” as an input to the Simulink model for the second set of simulation.  Though the offset distance 

keeps on varying with the tendon movement but for this study we assumed it to be constant.  

 

Table 4-2: Simulation Parameters for regular actuation 
Parameter  Value 

Mass of link 1 (m1) 5.85 x 10-4 

Mass of link 2 (m2) 4.50 𝐱 10-4 kg 

Mass of link 3 (m3) 3.91 x 10-4 kg 

Moment of Inertia (I1) 6.26 x 10-6 kg-m2 

Moment of Inertia (I2) 5.55 x 10-6 kg-m2 

Moment of Inertia (I3) 6.76 x 10-6 kg-m2 

Simulation time  45 s 

Input Force  3 N 

Offset distance (e)  4.5 x 10-3 m 

Length of link 1 (l1) 1.2 x 10-2  

Length of link 2 (l2)  9.0 x 10-3 m  

Length of link 3 (l3) 1.2 x 10-2 m 

Damping factor (cd)  1 x 10-3 N-ms/rad 

Spring constant (theoretical)§ 5.23 x 10-4 N-m/degree 

Spring constant (exp. mean) (k) 6.12 x 10-4 N-m/degree 
 

§ The spring constants were determined based on the equation for a torsional spring, considering the wire diameter, 

number of windings and modulus of rigidity. 

 

Several simulations were performed by varying the damping factor cd until the experimentally 

measured angles, under the same conditions, were bounded closely by simulation results. The 
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damping factor is comparable to the one used by others [131] for such simulations. All the 

simulation parameters are presented in Table 4-2. 

 

 

Figure 4-8: Block diagram of the Simulink model used to model the 3-link robotic finger. 
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4.5.1 Force Profile of the Regular Actuation with the 3-ply muscle integrated in the finger 

To characterize our 3-ply muscle/actuator under different conditions, we performed another 

experiment to determine the force output using high precision load cell (Futek LSB200) using the 

same setup as discussed earlier in Figure 4-3. But, this time output load was the robotic finger, 

instead of the spring. We varied the magnitude of power supplied to the actuator and measured the 

force profile and the results are shown in Figure 4-8a.  

 

`  

 

Figure 4-9: Force profile of 3-ply muscle: (a) At various power magnitudes and at a pre-stress of 

1.7 N. and (b) Original force profile which was used for the simulation of the joint angles. 
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The measurement was done at a sampling rate of 1 kHz. It can be seen that the output force 

increases as the power increases.  The effective force of approximate 3N was obtained from the 

initial pre-stress of 1.7 N. The force profile of the actuator (Figure 4-8b) is used for simulation. 

This force profile was directly plugged into Simulink model to check the effect. 

4.5.2 Results and Discussions 

Two different types of signals: sinusoidal wave and experimentally determined TCP muscle force 

profile were used as inputs. These simulation results were matched with the corresponding 

experimental results.  

4.5.3 Sinusoidal force profile input 

 

 
 

Figure 4-10: Simulation results for 3N sinusoidal force input for two cycles, (a) Input torque 

profile; (b) Output angular velocity profile and (c) Output angular displacement profile. 
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Simulations were performed for sinusoidal force input with an amplitude of 3 N and the 

corresponding torques are as shown in Figure 4-10. θ1- θ3 are the angles of the robotic finger. The 

input torques (Figure 4-10a) was sinusoidal but the output angular velocity shapes were slightly 

different in phase and profile. Unlike angular velocity (Figure 4-10b), the output angles were more 

closely in phase with the sinusoidal input torque as shown in Figure 4-10c. 

 

 

 

Figure 4-11: Comparison of the simulation results of the angular positions of the index finger for 

sinusoidal input force with corresponding experimental results for flexion of the finger. 

 

 

In Figure 4-11, results obtained from the sinusoidal input, were compared to the corresponding 

experimental angular position data. The experimental angles were measured using a high-speed 
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camera (Phantom Miro eX2; PCC software), by tracking the marker points shown in Figure 4-7.  

The sample rate for data collection was 200 fps and few data points are shown in Figure 4-11. The 

current supplied to the muscle connected to the index finger was 0.7A, which corresponds to the 

force of 3N force on the TCP muscle.  

 

 

Figure 4-12: Simulation results for 3N TCP muscle force output profile as input for dynamic 

system, (a) Input torque profile; (b) Output angular velocity and (c) Output angular displacement. 

 

As shown in Figure 4-11, the experimental results are not closely related to the simulated results. 

The mean square error between experimental results and simulations for DIP, PIP and MCP is 

18.07, 12.28 and 6.22 degree respectively. These data were obtained from a set of 8941 data points. 

Only half of the cycle, up to 54 seconds was compared with the experimental results since the 

experimentally measured angles were for flexion only.  
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4.5.4 TCP muscle force profile input  

Simulations were also performed for the TCP muscle force output that was shown earlier in Figure 

4-7. These force profiles were measured experimentally, saved as time series data in Matlab® and 

provided to the Simulink® dynamic model.   

The inputs shapes and amplitude of the torques are as shown in Figure 4-12a, which correspond to 

the 3 N input force. The corresponding angular velocity (Figure 4-12b) rises up to 0.05 rad/s in the 

rising edge of the torque and -0.07 rad/sec during the falling edge of the torque. The angular 

position is shown in Figure 4-12c. 

 

 

Figure 4-13: Comparison of the simulation results for TCP force profile input with corresponding 

experimental results for flexion of the finger. 
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In a similar way, the TCP force profile was also compared with the experimental results.  Figure 

4-13 shows the experimental and simulated results plotted together for DIP, PIP and MCP joint 

angles. Upon statistical analysis, we found that root mean square error is 6.8, 1.05 and 7.0 degree 

for DIP, PIP and MCP joints respectively. 

The response angles for the two different input force profiles (sinusoidal and TCP measured) were 

compared with the experimental data and quantified. Statistical results will help us in control later. 

From these results, the sinusoidal input showed more error than experimentally provided force 

input which is expected result. The synthetically created input did not provide high accuracy for 

the angle, partly due to the variation of spring constants used for force measurement in Figure 4-3 

and the torsional spring in the index finger. Another reason could be the dynamic behavior of the 

TCP muscle might be slightly different when integrated with the robotic hand. This needs more 

study.    

4.5.5 TCP muscle force profile with different initial angles  

In the previous two cases, we have seen that finger angles are very close to each other. But, there 

can be another case where angles can attain different steady state angles due to the initial 

configuration. We used the values of α, β and γ to be 0.82, 0.6 and 1.2 respectively for this 

simulation that accounts the different toques (Figure 4-14a) for the finger joints.  

Figure 4-14b is the angular velocity which has similar nature as discussed in previous section. 

Figure 4-14c shows the simulated angles for two cycles. In this case, DIP (θ3) is largest whereas 

PIP (θ2) being the smallest as can be in some of the cases of finger motion. The same simulations 

are compared with experimental results and they are very close to each other as shown in Figure 

4-15. Also, when compared statistically, these angles found to be matching very closely to the 
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experimental data. Mean square error for DIP, PIP and MCP is found to be 0.41o, 0.40o and 1.56o 

respectively. Furthermore, we tested the sinusoidal inputs for varying force magnitude, which will 

be discussed next.  

 

 

 

Figure 4-14: Simulation results for variable torques using 3N original TCP force input for two 

cycles, (a) Input torque profile; (b) Output angular velocity profile and (c) Output angular 

displacement profile. 

 

 

4.5.6 Effect of amplitude of sinusoidal input force 

Three different amplitudes of 1.92 N, 2.54 N and 3.30 N were used to test the theoretical model. 

These results were obtained from the experiments done at three different magnitudes of the current 

given as 0.5 A, 0.6 A and 0.7A.  Outputs of these simulations are presented in Figure 4-16 along 

with the corresponding experimental results. The angular position data were collected 
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experimentally using a high-speed camera as done before (Phantom Miro eX2; PCC software) by 

varying the current input from 0.5 A to 0.7 A.  

 

 

 

Figure 4-15: Comparison of the simulation results for TCP force profile input profile with 

corresponding experimental results for flexion of the finger with variable angles. 

 

 

The results in Figure 4-16 show the accuracy of the model, based on the assumptions taken and 

under the similar parameters but with different amplitudes. Another statistical analysis for Figure 

4-16, shows that mean square error for DIP is 5.70o, 8.18o and 18.07o degree corresponding to 1.92 

N, 2.54 N and 3.30 N force respectively. For PIP, mean square error is 12.88o, 8.52o and 3.07o and 
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similarly, mean square error for MCP is 6.76o, 3.99o and 6.22o degree respectively for 11.92 N, 

2.54 N and 3.30 N forces. 

 

 

 

Figure 4-16: Simulated angles for three different force input of 1.92 N, 2.54 N and 3.30 N 

amplitude plotted along with corresponding experimental results. (a) For MCP, (b) For PIP and 

(c) For DIP joint angles. 

 

 

The angles obtained from the simulations are similar to Deshpande et al. [21] who studied 

anatomically correct test bed hand. The equation of motion and the results and assumptions of this 

modeling are also consistent with the model developed by Sancho-Bru et al. [132] for studying the 
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free movements of a human finger. Hence, the Euler-Lagrangian based dynamic model gives us a 

close understanding of the dynamics of the finger, actuated by TCP muscle. 

 

4.6 Simulation of Finger Motions for Pulsed Actuation 

To characterize our 3-ply muscle/actuator using pulsed actuation, we performed another 

experiment to determine the force output using high precision load cell (Futek LSB200) using the 

same setup as discussed earlier in Figure 4-3.  

 

 

 

Figure 4-17: Experimentally measured parameters of 3-ply (10 cm  with a diameter 1.56 mm) of 

muscle integrated in the hand: (a) Power with a varying input current magnitude, (b) Force 

response of the muscle for the flexion finger, (c) Linear tendon displacement, and (d) Temperature 

produced in the muscle in response to the input power. 
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We varied the magnitude of power supplied to the actuator and measured the force profile and the 

results are shown in Figure 4-17. Three different current values used for the pulsed actuation tests 

were 2.5 A, 2.7 A, and 2.9 A (1s actuation time).  The measurement was done at a sampling rate 

of 1 kHz. It can be seen that the output force increases as the power increases.  The effective force 

of approximate 2.5 N was obtained from the initial pre-stress of 0.05 N. The power and force 

profile of the actuator (Figure 4-17a&b) is used for simulation by directly plugged into Simulink 

model to check the effect. In next section, we will discuss the system identification of the TCP 

muscle.  

4.6.1 System Identification 

The TCP muscles are electro-thermal transducer which converts the electrical energy to thermal 

energy through joule heating and then the energy is converted to mechanical energy via moving a 

load.   

Table 4-3: Details of the transfer functions evaluated during the study 
Temperature :Power Force :Temperature 

Transfer Function Fitting % Transfer Function Fitting % 

TFTP01 =  
4.02

s + 0.052
 63.25 TFFT01 =  

0.00029

s + 0.091
 37.01 

TFTP1 =  
−1.608s + 2.55

s + 0.054
 71.83 TFFT1 =  

0.02s + 0.0033

s + 0.30
 93.06 

TFTP02 =
7.354

s2 + 1.688 s + 0.10
 89.5 TFFT02 =

0.00172

s2 + 0.9002 s + 0.2407
 76.52 

TFTP2 =
−2.072 s + 6.622

s2 + 2.112 s + 0.1259
 90.31 TFFT002 =

0.02926 s + 0.001831

s2 + 10.98 s + 0.6438
 48.41 

TFTP2 =
0.015s2 − 2.04 s + 6.71

s2 + 2.12 s + 0.13
 90.31 

TFFT2

=  
0.01899s2 + 0.002551s − 0.0001572

s2 + 0.3987s + 1.513e − 06
 

95.63 

TFTP3 =  
44.64

s3 + 6.55 s2 + 11.02s + 0.65
 90.65 

TFFT03

=  
−4.8333e − 05

s3 + 0.1595 s2 + 0.09401s + 1.626e − 14
 
47.57 

TFTP03

=  
47.35 s − 69.64

s3 + 57.31 s2 + 128.8 s + 7.69
 

47.2 TFFT3 =  
0.7941s − 0.1235

s3 + 0.27s2 + 41.62s + 11.24
 84.19 
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Figure 4-18:  System identification of the muscle for the pulsed actuation: (a) Comparison of the 

1st, 2nd and 3rd order of transfer functions for electro-thermal system by using power as input and 

temperature as output; (b) comparison of the 1st, 2nd and 3rd order of transfer functions for thermos-

mechanical system by using temperature as input and force as output. 
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The thermal energy (heat) results into the linear contraction of the muscle producing a mechanical 

force. The experimental data shown in Figure 4-17 was used for the system identification, to study 

the relationship between the power (P), the force (F) and temperature (T). 

During the study, we compared all the possible combinations of the order of nominator and 

denominator to find the right combination of zeros and poles. Table 4-3 summarizes all the 

combination compared starting from the lowest order. We compared the 1st, 2nd and 3rd order of 

the transfer function (shown as TF1, TF2 and TF3 respectively in Figure 4-18) for both electro-

thermal (Figure 4-18(i)) and thermo-mechanical model (Figure 4-18(ii)).  

 

 

 

Figure 4-19: Block diagram of the Simulink model used for predicting the output behavior of the 

TCP hand where P is the input power and F is the output force. 
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The second order electro -thermal transfer function (TF) was chosen for further study. This TF has 

90.31% accuracy (MSE 8.389). This transfer function (TFTP) is given as:  

𝑇𝐹𝑇𝑃 =
−2.072 𝑠+6.622

𝑠2+2.112 𝑠+0.1259
 = 

𝑇 (𝑠)

𝑃 (𝑠)
  (4-21) 

Further, the thermo-mechanical transfer function chosen was a first order system with 93.06% 

accuracy (MSE 0.001362), and transfer function (TFFT) is provided in the Equation (4-22). 

 

 

 

Figure 4-20: Predicted force values using the coupled model from the input provided in the Fig. 4-

17 plotted with the experimentally measured values. 

 

𝑇𝐹𝐹𝑇 =
0.02032 𝑠+0.003318

 𝑠+0.2947
= 

𝐹 (𝑠)

𝑇 (𝑠)
  

(4-22) 
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Two transfer functions were used in series to predict the electro-thermo-mechanical behavior of 

the system. Block diagram of the Simulink model used to compare and evaluated the TFs is 

provided in the Figure 4-19. Further, mean square error (MSE) presented in this chapter was 

calculated using the built in function of the Matlab®. This model was validated using the available 

data as shown in the Figure 4-20. Mean square error (MSE) between simulated and experimental 

results is 0.145o, 0.239o and 0.295o respectively for the 2.5A, 2.7A and 2.9A current inputs 

respectively.  

 

Figure 4-21: Response of the dynamic system (a) Synthetically created input power of varying the 

gain k (1:10 with step size of 1), (b) Output temperature response corresponding to the power, and 

(c) Output force response corresponding to the temperature. 
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Further, we tested the model using the synthetic power inputs of varying amplitudes as shown in 

the Figure 4-21. It includes the synthetic inputs for 5 Watts and then varying the gain ‘k’. This 

leads to a maximum power of 50 Watt and corresponding output effective temperature and force 

159 oC and 2.8 N respectively.  

 To study the motion of the finger, we performed two types of simulation. The first one of them is 

using the experimentally measured force as input. We will refer it as force input simulation (FIS) 

in the text. This force data was multiplied by the offset value 𝑒 to find the torque experienced by 

the finger as shown in Figure 4-22a. These torque values were supplied to the Simulink® model. 

The second type is using the two transfer functions in the series for electro-thermal and thermo-

mechanical model obtained from the system identification. We provided the experimentally 

measured power as an input for these simulations and obtained the force output which are used as 

an input. We will refer it as power input simulation (PIS) in text.  

Simulations were performed using Simulink (Matlab R2017a) by directly implementing the 

analytical equations of motion (torque of a three-link) along with the transfer functions. We 

ignored the velocity, acceleration and Coriolis terms due to their insignificant contribution. The 

values of α, β and γ in quation 4-20 were obtained by comparing the first simulation with the 

maximum angle obtained experimentally. These value for the α, β and γ are 0.25, 0.22 and 0.20 

respectively. We kept these values constant for the entire study. 

Several simulations were performed by varying the damping factor cd until the experimentally 

measured angles, under the same conditions, were bounded closely by simulation results. The 

damping factor is comparable to the one used by others [131] for such simulations. All the 



 

111 

simulation parameters are presented in Table 4-4 and the simulation results will be discussed in 

the next section.  

Table 4-4: Simulation Parameters for the pulsed actuation 

§ The spring constants were determined based on the equation for a torsional spring, considering the wire diameter, 

number of windings and modulus of rigidity. 

 

Three amplitude of the power was provided to the 3-ply muscle integrated in the robotic hand. We 

used the measured force and power consumed for the simulation. Further, the simulation outcomes 

were compared with the experimental results. For FIS, force measured for the finger flexion at 

different currents was multiplied by the offset and provided to the Simulink® model as an input. 

Then the simulated angular position was compared with the experimental value. 

4.6.2 Simulation and Analysis for 3.4 W/cm Power input  

In the experimental test, maximum angles for MCP, DIP and PIP were 25o, 20o, and 18o 

respectively after 3s as shown in Figure 4-17b. The detail results from FIS for 3.7 W/cm (2.5A 

current) are presented in the Figure 4-22.  

Parameter Value 

Mass of link 1 (m1) 5.85 x 10-4 kg 

Mass of link 2 (m2) 4.50 x 10-4 kg 

Mass of link 3 (m3) 3.91 x 10-4 kg 

Moment of Inertia (I1) 6.26 x 10-6 

Moment of Inertia (I2) 5.55 x 10-6 kg-m2 

Moment of Inertia (I3) 6.76 x 10-6 kg-m2 

Simulation time 3 s 

Input Force Experimentally measured 

Offset distance (e) 4.5 x 10-3 m 

Length of link 1 (l1) 1.2 x 10-2 m 

Length of link 2 (l2) 9.0 x 10-3 m 

Length of link 3 (l3) 1.2 x 10-2 m 

Damping factor (cd) 2.6 x 10-3 N-ms/rad 

Spring constant (theoretical)§ 5.23 x 10-5 N-m/degree 

Spring constant (exp. mean) (k) 6.12 x 10-5 N-m/degree 
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Figure 4-22: Simulation results using the force obtained from 34 Watt power (2.5A current for 3.4 

Watt/cm) input TCP muscle force output profile as input for dynamic system (FIS), (a) Input torque 

profile; (b) Output angular velocity and (c) Output angular displacement for all the three joints. 

Subscript 1,2, and 3 refers to link MCP, PIP and DIP of the finger respectively. 

 

This figure shows the input torque, angular velocity and angular displacement obtained from the 

simulation. The maximum angular displacement obtained from experiments, FIS and PIS are 

comparable as shown in the Figure 4-23. Mean square error between FIS and PIS at 2.5A current 

for MCP, PIP and DIP joints is 1.27o, 0.97o and 0.79o degree. Moreover, all the joints have almost 
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the same angular velocity as simulation as shown in Figure 4-22b. Though, the maximum velocity 

was attained by the MCP joint which is around 0.58 rad/s or approximately 33 degree/s. 

 

 

Figure 4-23: Comparison of the FIS and PIS simulations with corresponding experimental results 

for flexion of the finger for 2.5A current. 

 

4.6.3 Simulation and Analysis for 4.0 W/cm Power input  

Figure 4-24 shows the higher amplitude of the input torque resulting into higher output velocity 

and angular displacement from FIS. This is due to slightly higher power input of 40 watt (2.7A 

current for 4.0 W/cm).  
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Figure 4-24: : Simulation results for 40 Watt power (2.7A current for 4.0 Watt/cm) input TCP 

muscle force output profile as input for dynamic system (FIS), (a) Input torque profile; (b) Output 

angular velocity and (c) Output angular displacement for all the three joints. Subscript 1,2, and 3 

refers to link MCP, PIP and DIP of the finger respectively.  

 

In the experimental test, maximum angles for MCP, DIP and PIP were 29o, 20o, and 25o 

respectively after 2.5s as shown in Figure 4-25 in comparison with FIS and PIS for 2.7A input 

current. The mean square error for FIS and PIS for this study is found to be 3.57o, 2.73o and 2.19o 

at MCP, PIP and DIP joints respectively. 
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Figure 4-25: Comparison of the simulation results for FIS and PIS simulations with corresponding 

experimental results for flexion of the finger for 2.7A current. 

 

4.6.4 Simulation and Analysis for 4.7 W/cm Power input  

FIS simulations results for the 2.9A current (47 watt power) are shown in the Figure 4-26. Due to 

high input current amplitude, we can see the high input torque, angular velocity and displacement 

values. The maximum angles for the MCP, PIP and DIP are found to be 30o, 25o, and 27o degree 

respectively at 3.5s in the experimental results. 
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Figure 4-26: Simulation results for 47 Watt power (2.9A current) input TCP muscle force output 

profile as input for dynamic system (FIS), (a) Input torque profile; (b) Output angular velocity and 

(c) Output angular displacement for all the three joints. Subscript 1,2, and 3 refers to link MCP, 

PIP and DIP of the finger respectively. 

 

Comparative results for the experimentally measured angles, FIS and PIS are presented in the Fig. 

4-26 for all three joints of the finger. The mean square error between the FIS and PIS is 0.68o, 

3.65o and 4.05o for MCP, PIP and DIP joints respectively. 
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Figure 4-27: Comparison of the simulation results for FIS and PIS simulations with corresponding 

experimental results for flexion of the finger for 2.9A current. 

 

 

4.6.5 Sensitivity Analysis 

The dynamic equation described in Equation 4-19 was evaluated for the variation of parameters 

and sensitivity analysis. The sensitivity analysis for variation of the mass, inertia damping factor 

and spring constant (K) was performed. The results presented in Figure 4-28(i) show that mean 

square error (MSE) for the double mass to the real mass is 10.67o, 1.46o and 0.13o for MCP, PIP 
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and DIP respectively. If we change mass to the half from the actual value, the MSE changes to 

2.60o, 0.35o and 0.03o for the MCP, PIP and DIP respectively.  

 

 

 

Figure 4-28: Sensitivity analysis on the simulation results (i) for mass variation and (ii) for inertia 

variation. 

 

Further, the sensitivity analysis for the inertia (Figure 4-28(ii)) shows little or no effect. Doubling 

the inertia causes MSE 0.0122o, 0.0094o and 0.0068o and making inertia half would make MSE 

0.0020o, 0.0015o and 0.001o for MCP, PIP and DIP joints. These are very small numbers and as 

can be seen in the figure the angular positions overlap with each other. 
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Figure 4-29: Sensitivity analysis on the simulation results (i) for damping factor variation and (ii) 

for spring constant (K). 

 

Variation of the damping factors also affects the output of the model. Doubling the damping 

factor would results an MSE of 3.21o, 2.67o and 2.21o whereas reducing by half the damping factor 

would make MSE 1.63o, 1.30o and 1.04o respectively as shown in the Figure 4-29(i). 

Further, the model is very sensitive to the spring constant (K) values as shown in the Figure 4-

29(ii). If we make the spring constant values double of the actual values, the resulting MSE for the 

MCP, PIP and DIP joint would be 26.60o, 26.15o, and 23.77o respectively where as if we take the 

half of the value of K, the respective MSE would be 113.62o, 107.90o and 92.17o. 
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4.6.6 Conclusion 

The work presented in this chapter employed Euler-Lagrangian method for dynamic modeling of 

a robotic hand. System identification based model of the Twisted and Coiled Polymer (TCP) 

muscle was developed. Two transfer functions were used in series to replicate the electro-thermo-

mechanical behavior of the TCP. Further a Simulink model based on the derived equation set was 

developed and used for numerical simulations. Parameters used were taken from experimental 

results of TCP muscles. Particularly, the power input and the force profile (output in response to 

input electrical power) of the 3-ply TCP muscle was used as an input to the Simulink® model. 

This study is important for under actuated hands or three link under actuated manipulators and a 

coupled system actuated by other soft actuators. It usage system identification to determine force 

and coupling with Euler-Lagrange model for the understanding of the 3 DOF biomimetic finger 

actuated using TCP muscle. Further, a sensitivity analysis of the dynamic model was performed 

for variation in mass, inertia, damping factor and spring constant. In future, we can use the results 

of this dynamic modeling for the control of the TCP hand. One of the important works to this 

equation set would be deriving adduction and abduction component of the motion. Regarding the 

3D dynamic equation, this study should be expanded to all five fingers to analyze the simultaneous 

motion for prehensile and non-prehensile movement of the hand. 
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CHAPTER 5                                                                                                                         

iGRAB ORTHOTIC HAND: DESIGN, DEVELOPMENT AND TESTING 

 

Several works have been reported in powered hand orthosis in the last ten years for assistive or 

rehabilitative purposes. However, most of these approaches uses conventional actuators such as 

servo motors to power orthosis. In this work, we demonstrate the recently reported Twisted and 

Coiled Polymeric (TCP) muscles to drive a compact, light, inexpensive and wearable upper 

extremity device, iGrab for the first time. A 3D printed orthotic hand module was designed, 

developed and tested for the performance. The device has six 2-ply muscles of diameter 1.35 mm 

with a length of 380 mm. We used a single 2-ply muscle for each finger and two 2-ply muscles for 

the thumb. Pulsed actuation of the muscles at 1.8 A current for 25 seconds with 7% duty cycle 

under natural cooling showed full flexion of the fingers within 2s. Further, this chapter includes 

eight iterations of the orthotic device which includes evolution of the device, locking mechanism 

to improve energy efficiency of the device, wrist motion restoration and clenched fist model. 

Modeling and simulation were performed on the device using standard Euler-Lagrangian 

equations. Our artificial muscles powered hand orthosis demonstrated the capability of pinching 

and picking objects of different shapes, weights, and sizes. 

5.1 Introduction 

The quality of life may be severely affected by the partial or complete loss of hand function as a 

result of muscle or nerve disorders. For instance, there are as many as 4.1 million Americans who 

suffer from impairment of the upper extremity [133], muscular disorders such as multiple sclerosis, 

Parkinson’s disease or loss of upper limb function due to stroke. This work addresses the need for 
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these patients via the design, development, and testing of a hand orthosis (Figure 5-1) based on 

novel twisted and coiled polymer (TCP) actuators, 3D printed ring structures, tendons, tendon 

routing channels, pulleys and rubber strips.  

 

 

 

Figure 5-1: iGrab orthotic hand (a) Front side of the fully assembled hand prototype mounted on 

an exoskeleton, and (b) the back side of the exoskeleton showing extension mechanism and straps. 

 

 

Extensive works [12, 13] have revealed the working principles of natural muscles for performing 

flexion, extension, abduction and adduction. Including studies show the use of flex sensors [134] 

for the control of the orthotic devices along with ionic polymer metal composites for biomimetic 

applications [135-137]. Additionally, kinematic and dynamic models [16, 18, 20] were used for 

evaluation of the mechanics of natural hand and fingers. 
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Orthotic devices can be mainly classified as passive or active. Even though most of the studies 

previously focused on passive orthoses (also known as splints) [6, 8-11] in the last few years, more 

efforts were made in the design and development of active orthoses. It was demonstrated that 

active devices not only have the assistive role, but also decrease the rehabilitation period. Orthotic 

hand devices presented in the literature have addressed various aspects and requirements in a non-

comprehensive way. Some of them considered the degrees of freedom as a prime concern while 

others emphasized overall weight; still, others found control strategies as the primary factor.  

Material selection is imperative as ergonomics, cost and efficiency of the device depend on it. 

Macovei and Doroftei [138] have summarized upper limb rehabilitation devices. The first 

exoskeletons were made of metal, bulky, and inconvenient to wear for lengthy periods [22, 26, 27, 

139]. Later, ergonomic models that combined metal and polymeric parts were presented. Recently, 

lighter orthotic hands made of polymers [34, 35, 37, 39, 40, 140] or soft fabrics and other materials 

[41-43] were reported. Regarding actuation technologies, most of the orthotic hands in the 

literature utilized conventional actuators such as DC motors, [2, 22, 34, 37, 41, 141] which are 

bulky and difficult to incorporate into designs where space is constrained. A myoelectric hand [44] 

is among the few, which uses smart actuators such as shape memory alloys (SMA). SMAs can 

generate high stress, but the significant drawback is the large hysteresis loop typically observed in 

the stress-strain curves and high cost [1, 142, 143] followed by low efficiency due to Joule heating. 

Some researchers have tried pneumatic actuators [35, 40], which are bulky and inconvenient due 

to the need for a source of compressed air.  

We used degree of actuation (DOA) [144], which is different from the degree of freedom (DOF). 

DOA is the dimension of the actuated joint, for example a human finger has 4 DOF (including 
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abduction/adduction) but our muscles give the 4 DOA for dexterity of human hand, and that should 

be the purpose of exoskeleton or orthotic device to achieve full DOA in order to restore prehensile 

and nonprehensile movements for patients. We can also use tendons and linear actuators such TCP 

for mimicking nature phenomenon of finger actuation. 

This chapter demonstrates the design, prototype fabrication, modeling and characterization of a 

iGrab hand orthotic device [145] powered by nylon based TCP muscles (Figure 5-1). Experiments 

were conducted by mounting the iGrab device on a custom-made biomimetic dummy hand 

focusing on the full hand flexion and extension with emphasis on the thumb. The iGrab device 

provides the full flexion and extension movements of all the digits. Tests on the device showed a 

capability of pinching movements for manipulating objects of different shapes and sizes. The next 

section elaborates the motivation behind the work and the actuator. Then, we will discuss the 

design of our orthotic hand, followed by experimental studies on the prototype. Finally, modeling, 

validation, and manipulation capabilities of the device will be presented.   

5.1.1 Motivation 

 Most of the devices reported in the literature are bulky and ergonomically not suitable to use as 

an everyday companion for patients. The reasons can be different aspects. In general, the orthotic 

device should be light in weight and should fit perfectly for everybody (customizable to individual 

needs) since disability varies from person to person. That is where 3D printing proves to be a boon 

as one can quickly customize designs to fit for individual needs and then manufacture it rapidly. 

Apart from 3D printing, TCP muscles are light in weight, easy to fabricate and make the device 

easily customizable. So, 3D printed exoskeleton can be easily converted to a wearable glove by 
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assembling them in a thermally regulated material that prevents heat to the users since the polymer 

muscles are thermally actuated.  

5.2 Design and manufacturing of hand orthosis 

5.2.1 Anatomically correct testbed hand 

Before doing the human subject test and to have freedom of performing a full range of experiments, 

we made a dummy hand for experimentation. Inspired by the work of Deshpande et al.[21], on 

anatomically correct test-bed hand, we decided to design an anatomically accurate skeleton hand, 

which can be 3D printed and embedded within silicone by casting to have the same configuration 

as a human hand. This anatomically correct hand was used throughout the study to perform various 

experiments at UT Dallas as well as Lynntech Inc.  

 

 

 

Figure 5-2: (a) 3D printed hand skeleton, (b) Hand after Silicone casting and assembly, (c) 3D 

printed base for the exoskeleton, (d) Tendon routing mechanism in palm and wrist where the cloth 

was sewed to create a channel for routing PTFE (Teflon) tube which allows smooth movement of 

tendons. (e) Pulleys placed in the hubs which allow wrapping of the muscles to facilitate longer 

lengths. 
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The skeleton was made to have similar features as human hand skeleton including ball and socket 

for the thumb to mimic human thumb motion. This silicone cast hand was later mounted on a 3D 

printed arm similar to the human hand as shown in Figure 5-2. The arm was also designed in 

SolidWorks®, and 3D printed using Fortus® 250 mc. The arm has dimensions similar to an 

average adult size hand.  

5.3 Force and tendon displacement requirements for finger extension 

The force required for flexion and extension of a human finger was found from literature, and it 

was reported in references [146] and [147] that the amount of safe force required for the hand is 

from 1 to 3 N. Some patients might need more power in their orthosis. One way to measure the 

necessary force is to suspend a weight on a human subject’s finger and track the angle vs. load, 

and then determine the maximum amount that produces the maximum flexion. Another possible 

way is to take mean measurements from a population of a certain age of people with similar 

physical features and the amount of force required. Later on, adjustments can be made based on 

different individual needs. Therefore, to make the orthotic device useful, we need to provide the 

fingers the required force and displacement (a corresponding angle) to flex the fingers and do the 

intended task. The forces and the angles required are used as some of the parameters in our design 

of orthotic hand module. Tendon displacement was measured experimentally for full flexion of all 

the fingers which is 60 mm for index and middle fingers and 50 mm for ring and pinky finger. 

This information will allow calculating the length of the muscle and power requirements for 

individual fingers. 
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5.4 Design of iGrab hand orthosis  

The device is comprised of 3D printed and sewed parts as shown in Figure 5-1a. Tendons routed 

to the wrist through 3D printed rings through PTFE pipe channels. Flexion motion is facilitated 

using TCP muscles mounted on the forearm. The TCP muscles are wrapped around pulleys as 

shown in the Figure 5-2e, to utilized longer muscle length for large strokes. Extension motion is 

facilitated with the help of rubber strips as shown earlier in Figure 5-1b. Rubber bands provide 

less stiffness than TCP muscle, thus yielding an energy efficient method for extension motion.  

The exoskeleton was designed in CAD software and fabricated in two steps. The first part includes 

the 3D printing of exoskeleton arm base (Figure 5-4c) and the rings. Later, PTFE pipes were sewed 

in fabric to route tendons from fingertips to wrist where all the TCP actuators are located. First, 

PTFE pipes (internal diameter of 1.5 mm) were routed through the sewed cloth (Figure 5-4d). The 

stitched fabric keeps the device soft and adjustable in form/shape according to the patient. Rings 

were directly mounted on the fingers. Each ring has several holes of 2 mm in diameter. The inner 

diameters of the rings are small. For example, the rings for the little finger are 12, 18 and 20 mm 

in diameter. For all the rings, the outer diameters (Do) are based on the following equation Do = 

Di + t, where Di is the inner diameter of the ring. The thickness (t) of each ring is 2 mm. The 

dimensions of the rings were set based on average adult man hand size and based on the available 

space between each finger.  Once all the dimensions were checked to ensure that the structure 

would be 3D printable, the prototype was developed to test the design. 

Initially, the connector plate between each ring was 3D printed using acrylonitrile butadiene 

styrene (ABS Plus). These structures were assumed to act as springs and help in the return motion 

of the finger during actuation. The sizes of the spring structures were 6 mm wide and 1 mm thick. 
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The parameters of the structures were varied, and the flexibility was checked. These structures 

were later removed due to limited flexibility and snapping during testing. Two additional designs 

were also studied, but we are not discussing those in this chapter. 

Thumb plays a vital role in grasping of objects. We paid particular attention to the thumb design 

in dummy hand as well as in the exoskeleton. In the dummy hand, the thumb is designed using a 

modified ball and socket joint to replicate human thumb motion. The full 3D printed exoskeleton 

system is light in weight. The wearable part is approximately 100 grams in weight for all five 

fingers, excluding the battery which is less and convenient for practical usage as compared to many 

of the existing orthotic devices. 

5.4.1 Forearm design concept  

The exoskeleton is designed to be soft and flexible. Ergonomic design will impact the quality of 

life for the user significantly.  Our conceptual design of the wrist part of the exoskeleton is to have 

six different layers as shown in Figure 5-3. Lowest layer close to the skin (1st layer) should be soft 

and comfortable. It should also be able to facilitate breathing for the skin. The second layer would 

be a pack of glass wool sewed in the cloth. Next to insulation layer will be heat dissipating layer 

(3rd layer) made up of some fins or mechanism to control the release of heat outside the enclosure. 

The 4th layer will be the TCP muscle. The 5th layer will also be a glass wool pack to protect the 

flexible electronics and battery in the 6th layer from heat generated by TCP muscle.  
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Figure 5-3: Shows the schematic of cross-sectional view of the envisaged glove wrist area. 

 

 

5.4.2 Thermal management 

TCP muscles actuate the iGrab device when heated with electrical power that causes the muscles 

to contract and subsequently to expand when the electric power is turned off. The device is tendon 

driven wherein the muscles are enclosed within a worn forearm bracelet and are connected to 

tendons that run parallel to the length of the finger. The tendons are not electrically powered and 

do not experience temperature rise during device operation. Additionally, every part of the iGrab 

device that comes in contact with the user experiences no temperature rise and remain safe to touch 

during the device operation.  

TCP muscles have extremely low thermal mass (16 mg/mm), and this allows the muscles to cool 

down to ambient temperature within 2s (at regular ambient condition). This cooling was both 

experimentally and analytically verified and was achieved just through exposure to ambient air 

conditions. Free convection heat transfer analysis was conducted assuming the simplified 

cylindrical geometry of artificial muscle (2-ply, 2 mm in diameter of 400 mm in length, 
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schematically shown in Figure 5-4a). The Nusselt number, 𝑁𝑢𝐷 parameter for the thermal analysis 

is given by [148]: 

𝑁𝑢𝐷 =
ℎ̅𝐷

𝑘
= {0.60 +  

0.387(𝑅𝑎𝐷)1 6⁄

[1 + (0.559 𝑃𝑟)⁄ 9 16⁄
 ]

8 27⁄
}

2

 (5-1) 

Where ℎ̅ is convective heat transfer coefficient, 𝑘 is the conductance, 𝐷  is the diameter, RaD is 

Rayleigh number, Pr is the Prandtl number.  

The heat transfer rate 𝑞𝑐𝑜𝑛𝑣 is given by: 

𝑞𝑐𝑜𝑛𝑣 = ℎ̅ 𝐴 ∆𝑇 (5-2) 

Here 𝐴 is the area and ∆𝑇 is the temperature change.   

The time required to cool down the artificial muscle was determined using a relation as:  

𝑡𝑐𝑜𝑜𝑙 =
𝑃𝑖𝑛𝑝𝑢𝑡 𝑡𝑜 𝑡ℎ𝑒 𝑚𝑢𝑠𝑐𝑙𝑒 × 𝑎𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 

𝑞𝑐𝑜𝑛𝑣 
 (5-3) 

 

 

Figure 5-4: (a) Schematic diagram for free convection analysis of artificial muscles (b) Schematic 

for thermal insulation type and its thickness correlation. 

 

 

Even though the muscles never come in contact with the skin, they will be safe to human touch.  

If desired, one can touch very quickly (< 2s) once the power is turned off. Additionally, the iGrab 

prototype design includes redundant safety features that further enhance the safety of the user.    
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5.4.3 Thermal insulation determination 

To protect the human hand skin from the heat generated by the artificial muscles, the insulation 

material thickness was determined using heat transfer analysis based on experimental temperature 

data. It was determined that the instantaneous localized temperature on the artificial muscle could 

exceed 70 oC when given 10 W of total power. The temperature for pain threshold of human is 44 

oC at the dermal/epidermal interface of the skin [149]; therefore, the required temperature at the 

interface of skin and the insulation was chosen as 40 oC. Assuming that the artificial muscles have 

simplified cylindrical geometry and emits heat through conduction (2-ply, 2 mm diameter of 400 

mm length), the correlation for the thickness of the insulation and thermal conductivity of the 

material was determined to identify the best glove material with a required thickness to make the 

artificial muscles safe for human touch. The correlation was determined using Fourier's law for 

heat conduction through the layer of insulation given by: 

𝑡𝑖𝑛𝑠𝑢 =
𝑘𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛(𝑇𝑚𝑎𝑥 − 𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑)𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡

𝑞′′
 (5-4) 

As described earlier, the threshold temperature was used as 40 oC whereas the maximum 

temperature was used as 150 oC. The heat flux was determined using the total surface area of the 

artificial muscle using cylindrical approximation with 2 mm diameter and 400 mm length of the 

muscle. The contact area then is assumed to be 50% of the total surface area from only one side of 

the muscle is exposed to the glove insulation at the skin interface as shown in Figure 5-4b. 

5.4.4 Device Portability 

To determine the powering aspect of our device, we followed the work of Zheng et al. [150], who  

recorded the motion of a fully capable house maid (29 type of Tasks) and a machinist (31 type of 
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Tasks) for four hours. They used head-mounted camera for recording hand usage during daily 

work activities. We performed the calculation on the active activity time of the hand, number 

fingers involved in a particular task, instance (break periods) and classification of grasping 

provided in this section. We determined the power required to restore the full functionality of these 

two types of workers using such a device like iGrab. We summed the total active time of fingers 

and found that 24, 881 seconds for machinist and 27, 712 seconds house maid are required. This 

suggests that all the fingers are not actuated for 4 hours in daily activities (5 fingers actuated for 4 

hours would have required 72,000 seconds active time while using energy). If we consider the 

instances where the active time of the machinist and house maid, we find that the times are 5323 

and 4677s respectively. These times are used for the calculation of the device with locking 

mechanism.  Results from the calculations are provided in Table 5-1. The calculations were done 

assuming that regular actuation would require 15 V and 0.6 A for 25 seconds (225 J of energy) 

and a pulsed actuation requires 30 V and 1.5 A for 1 second (45 J of energy). For example, for 

house maid pulsed actuation without locking mechanism would require 27,712 s x 45 J, which is 

1247 kJs (346 Wh), 30 V operating conditions requires 11,533 mAh of battery.  For pulsed 

actuation with locking mechanism the energy is 4677s x 45J (58.46Whr), 30 V of operating 

conditions require 1948 mAh. 

Table 5-1: Battery power requirements for orthotic device assuming 4 hours daily activities 

Actuation Type Power (mAh) 

 

Battery 

Dimensions 

Weight Capacity 

(mAh) 

Battery 

Price 

 House 

Maid 

Machinist  

Pulsed without LM 11533 10367 162 x 45x 144mm3 2190g 12000 $ 620 

Pulsed with LM 1948 2218 138 x 45 x 48 mm3  639g 3250 $190 

Regular without LM 115400 103667 158 x 59x 81 mm3  1690g 22000 $499 

Regular with LM 19466 20734 158 x 59x 81 mm3 1690g 22000 $499 
*LM = Locking Mechanism ¥ LiPo Batteries for 4 hrs continuous working 
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Therefore, we can clearly see that pulsed actuation with locking mechanism can restore the full 

working capability of a machinist or a house maid for approximately 6 hours with addition of 650 

grams of weight and $190 [151]. 

5.5 Experimental Setup 

The experimental setup used to study the angular positions of the orthotic device includes an 

anatomically correct hand, high-speed camera (Phantom Miro), a computer with NI-cDAQ data 

acquisition, a computer controlled power supply (BK Precision 1687b), and thermocouple (K-

type) as shown in Figure 5-5. The profile of the voltage waveform was programmed on a computer. 

The high-speed camera records the actuation motion of the orthotic hand, and later on, the data 

were extracted. Experiments were performed using hand orthosis for all five digits by mounting 

them on the dummy hand and using step input voltage. The muscle parameters and input conditions 

are provided in Table 5-2.  

 

Table 5-2: Muscle parameters for testing the 2-ply muscle in the iGrab 

Parameter Value 

Input Voltage (V) 15 

Input Current (A) 0.6 

Time of actuation (sec) 25 

Length of muscle (mm) 380 

Resistance of the muscle  (Ω) 9.7 

Power supplied  to the muscle V*A /L (W/m) 23.7 
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Figure 5-5: Schematic diagram of the experimental setup. 

 

 

5.6 Results and Discussion   

Experimental results of the angular position of all joints of all the fingers: distal interphalangeal, 

proximal interphalangeal and metacarpophalangeal (DIP (θ3), PIP (θ2) and MCP (θ1), respectively) 

for step input voltage are presented in Figure 5-6. The results were obtained using the high-speed 

camera and PCC software that provide positions as well as speed data; the results are summarized 

in Table 5-3. The angles provided in Table 5-3 are absolute angles calculated to see the maximum 

values. 

 

Table 5-3 Maximum angular displacement for each joint of all four fingers in degree. 

Joint Motion Index Middle Ring Pinky 

DIP Flexion/ Extension 11 6 12 11 

PIP Flexion/ Extension 21 25 21 14 

MCP Flexion/ Extension 41 31 20 40 
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Figure 5-6: Angular displacement of the of the iGrab/dummy hand prototype measured using a 

fast camera Phantom® Miro for the test conditions in table 5-3 (a) index finger, (b) middle finger, 

(c) ring finger, and (d) pinky finger where three different joints are DIP (θ3), PIP (θ2) and MCP 

(θ1). Muscles were triggered at 0.6 amps for 25 seconds at a duty cycle of 50%.  

 

 

All the muscles were actuated at 0.6 A of current, and it was set not to exceed this current limit. 

MCP joint subtended almost the 40o for 25 seconds, whereas PIP and DIP could reach up to 21o 

and 11o respectively for index finger (Figure 5-6a). There was almost 6-degree motion in DIP joint 

for the middle finger but 31o for MCP joint and 25o for PIP joint (Figure 5-6b). For ring finger, 

MCP and PIP have reached almost the steady state angle of 20o for 20 seconds. DIP has a slightly 

lesser angle of 12o (Figure 5-6c). Similar to other fingers, Pinky has a small movement for DIP 

joint (11o). Angles for PIP and MCP joints are 14o and 40o respectively. 
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Figure 5-7: Angular position for thumb joints once the muscle is triggered according to Table 5-2. 

 

 

Figure 5-7 shows the angular displacement for the thumb where MCP joint has the largest angle 

of 35o in 6 seconds in the front view. The MCP joint for thumb also has motion in another plane 

that could not be captured by the camera. The PIP has the smallest angle of 12o whereas DIP moved 

30o. 

5.6.1 Effect of pulsed actuation in angular displacement of joints  

Figure 5-8 shows the results of the measured angles in the second parametric study using pulsed 

actuation for all the fingers. In this experiment, the muscles are provided with an input pulse 

voltage for relatively short duration compared to the step input in the previous experiments.  
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Figure 5-8: Pulsed actuation results: (a) Index finger, (b) Middle finger, (c) Ring finger, and (d) 

Pinky finger. The muscles were triggered by 1.8 amps at a duty cycle of 7.4% for 27 seconds under 

natural cooling. 

 

 

During the pulsed actuation, the rise time of angles decreases as we increase the pulse and 

maximum angle is also increased. All the pulsed actuation was done at 1.8 A of current for two 

seconds. As can be seen in the figure (Figure 5-8), the maximum angles for each joint were 

achieved within 2 seconds. 

5.6.2 Repeatability of the muscle force integrated in the iGrab  

A life cycle test was conducted on a muscle (length 400 mm and diameter 1.35 mm) by measuring 

the force generated while actuating a finger using a force sensor Omega LCL-010.  The muscle 
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was connected with the sensor, and the other end is attached to the tendon in the index finger. The 

results of the test are shown in Figure 5-9. The test was conducted for 200 cycles continuously 

with each cycle 11 volt for 25 seconds (0.04 Hz) with 20 % duty cycle. The force generated by the 

muscle was consistent over 200 cycles. The test was done over nearly 1.13 hour at natural cooling.  

 

 

Figure 5-9 (a-c): Cyclic test for 200 cycles where 5 sec heating cycle and 20s cooling cycle with a 

magnified view from 510s to 550s to show the profile of the data.  

 

 

This result shows the uniform behavior of the muscle over the cycles. These results are very 

dense due to a full span of time, we showed voltage, current and force signal with magnification 

between 510th second and 550th seconds which consists of two cycles. For the given, voltage and 

current power can be seen consistently around 2 N. 

5.6.3 Grasping experiments 

Tests were conducted to check the grasping capability of the orthotic hand by actuating all the 

muscles in the iGrab and putting different objects in the palm while gravity is downwards. Figure 

5-10 show this ability to hold, grasp and pinch objects firmly.  



 

139 

 

 

Figure 5-10: Grasping of daily used objects: (a) tape roll, (b) small plastic container, (c) wooden 

block, (d) tennis ball, (e) small rivet, (f) shuttlecock, (g) chips packet between ring finger and 

thumb, (h) small pulley, (i) toothpaste, (j) small disk between ring finger and thumb, (k) small ball 

between middle finger and thumb, and (l) small ball between ring finger and thumb. All the 

experiments are done against gravity, and hence gravity is acting downwards. 

 

 

Some of these objects match the one provided in “ABILHAND manual ability measure” [152]. 

For example, a screw headed jar (Figure 5-10b), from the position in the picture, another hand can 

be used to twist and open the jar. The pant zipper can resemble precise handling of shuttle and 

chips packet can be torn open easily from the position in Figure 5-10g.  We tried to squeeze 

toothpaste using the orthotic hand, but it slipped and flipped due to the very smooth surface. We 
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also performed grasp, grip and pinched according to “Action Research Arm Subscale (ARAS)” as 

given in Table A1 of [153]. 

5.7  iGrab Hand Orthosis with Wrist Functionality 

In the previous section, we presented the design and development of an orthotic device which can 

restore the mobility of the fingers for the patients with no or limited motor ability. Now, there are 

another large population which is suffering from the muscular disorders related to the wrist casing 

very limited or no wrist motion. In this section, a study on the design and development of the 

orthotic device with wrist mechanism is provided.  

A large population is also suffering from neural plasticity where they face issue with the opening 

of the fingers. Such patients either require training for restoring the finger motion or need a device 

to assist with the motor functionality. Another motive of this section is to give the brief insight on 

the design and fabrication of the orthotic device prototype for the people with the clenched fist.  

5.7.1 Design of the orthosis with wrist motor ability 

The orthotic exoskeleton discussed in this section is intended for a right hand and consists of three 

sections namely, an arm, palm, and the guide rings for all the fingers as can be seen from Figure 

5-11. A similar design can be made for the left hand with the arm and palm joint on the other side. 

The arm is designed to accommodate pulleys on the rear end through which the TCP muscles can 

be wrapped to facilitate longer muscle lengths. The front end of the arm is joined to the palm 

attachment using a pin joint, free to revolve about its axis. The palm attachment is designed to 

adjust its position at any point along the palm with a slider joint which can be tightened as needed. 

It has a ring consisting of small holes to allow the tendons coming from the fingers to pass through. 
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Each finger is equipped with three rings whereas the thumb consists of only two rings, to facilitate 

the movement of each finger joint.  

 

 

 

Figure 5-11: Exoskeleton mounted on dummy hand showing all the parts and dimensions. 

 

The orthotic hand is actuated with one 2-ply muscle per finger and two 2-ply muscles for the 

thumb, to accommodate more degree of freedoms of the thumb.  More muscles per finger can be 

easily accommodated for a greater degree of actuation. One end of the muscles are fixed at the 

front end of the arm, on the semicircular ring, whereas the other ends of the muscles pass along 

the arm, wrap around the pulley and come back along the same path to the front where they are 

attached to the tendons (beading wire) coming from the fingers. The rings on each finger are 

connected through a tendon, which passes through a hole on the palm ring and is finally attached 

to the muscle at the arm. The thumb consists of two muscles among which one muscle is connected 

in the similar fashion as the others but the second muscle is connected only to the lower ring of 

the thumb to allow greater pull for the thumb. Moreover, two PTFE pipes, each of 3.175 mm 

diameter, were used as guide ways for the tendons to pass through the curvature to reach the 

muscles. The thumb was attached to the farthest pulley to achieve better pull and movement 
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towards the fingers. The flexion movement of the wrist was carried out by attaching the muscles 

to the tendons fixed at the palm ring to provide a greater pull for the wrist movement. The extension 

of the fingers and the thumb was carried out with the use of rubber bands to make the device more 

power efficient. Figure 5-11 shows the orthotic hand exoskeleton mounted on a dummy hand, 

casted with Ecoflex® silicone of shore hardness 10 and designed with three joints per finger and 

two joints on the thumb. The second thumb joint was made as a ball and socket joint to mimic an 

actual human hand with the dimensions in accordance to 95% of an average 25-year old male adult 

[154]. The nylon 6,6 TCP muscles  surface temperature reach about 250oC during the actuation 

cycle. Therefore, the dummy hand was provided with a thermal protection made of fiber glass 

sewed inside a cloth, as shown in the Figure 5-11 (green color), to protect the hand from the heat 

generated from the muscles. 

The forearm attachment of the device is 240 mm in length, with a width of 65 mm at the wrist and 

90 mm at the forearm whereas the palm attachment has a width of 110 mm. The overall weight of 

the device is approximately 110 grams. 

5.8 Results and discussion for the prototype with the wrist mechanism 

The angles and path traced by the fingers were recorded by the fast camera and analyzed, and the 

results are shown in Figure 5-12. A square wave signal was given to the muscles which are termed 

as regular actuation or normal actuation herein after. The current magnitude was kept constant at 

0.6 A while the voltage was varying according to the length of each muscle.  
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Figure 5-12: Actuation of the prototype with wrist mechanism for the four fingers at 0.6 A current 

for 25 seconds under normal actuation (a) Index Finger (b) Middle Finger (c) Ring Finger and (d) 

Pinky Finger. 

 

 

It can be inferred from the graphs in Figure 5-12 that under normal actuation, the maximum angle 

traced by the PIP and MCP joints (46o) was greater than the DIP joints (15o) for the index finger.  

The middle finger had three different maximum angle values for DIP (55o), PIP (39o) and MCP 

(25o). The ring finger had a large value for the PIP (39o) compared to the MCP (18o) and DIP (19o). 

Like the middle finger, the pinky finger also had three different maximum values for MCP (46o), 

PIP (36o) and DIP (30o).  Figure 5-12 shows a smooth curve after the maximum angle is reached 

for all the fingers. This corresponds to a smooth extension of all the fingers after actuation cycle. 
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Further, the range of motion is very similar to our previous work [155]. But, one of the finger joint 

(DIP of Middle finger) for this joint would suddenly shoot up to a high angle. This is because of 

the different frictional force at different finger tendons. This is due to the difference in angle 

between the tendons when they enter the wrist from the palm. 

Experiments for the pulsed actuation were also performed and analyzed in the same manner but 

with different magnitude of current and time duration, since the normal actuation was rather slow 

considering the application of the device. The actuation cycle for the pulsed actuation was at 1.2A 

current for 2 seconds and the results obtained are shown in Figure 5-13. 

 

Table 5-4: Range of Motion of the iGrab with wrist using pulsed actuation 

 

The pulsed actuation graphs are different from the normal actuation graphs in terms of the 

curvature and the maximum angle values for all the three joints for all the four fingers. The range 

of motion for the fingers is mentioned in Table 5-4 which are comparable to the data provided by 

Poston et al.  [154]. All the maximum angles were achieved in relatively less time because of the 

high magnitude electrical muscle to the muscle for 2s. However, the full flexion could not be 

achieved in the given time because of the friction in the tendon routing mechanism. 

 

Joint Motion 
Index  

(Deg.) 
Middle (Deg.) 

Ring 

(Deg.) 

Pinky 

(Deg.) 

DIP Flexion/ Extension 50 32 47 46 

PIP Flexion/ Extension 40 22 24 31 

MCP Flexion/ Extension 15 16 14 21 
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Figure 5-13:  Characteristics of the prototype with wrist mechanism at 1.2 A current for 2 seconds 

under Pulsed actuation (a) Index Finger (b) Middle Finger (c) Ring Finger and (d) Pinky Finger. 

 

 

One major achievement in this work was the capability to show the wrist movement using the 

exoskeleton. Experiments were performed for flexion of the wrist as a preliminary test. The 

tendons to achieve the wrist movement were attached at the end of the palm ring and the muscles 

were wrapped around the pulleys on the other end. The results of the wrist flexion are shown in 

Figure 5-14. 
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Figure 5-14:  Angles measurement of the wrist (a) at 0.6 A (b) at 0.7 A. 

 

The experiment was performed using a 2-ply muscle at 0.6 A and 0.7 A current under normal 

actuation. The maximum angle obtained for 0.6 A is approximately 11.9o and 15o for 0.7 A which 

is less compared to the maximum actual human wrist motion which is around 67o for males [156]. 

This could be because the weight of the dummy hand is more than an actual human hand. 

Moreover, the better angle could be achieved by using a 3-ply muscle instead of a 2-ply [53] which 

has better stroke length for higher loads. 
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5.9 Grasping tests on orthotic device with wrist mechanism  

 

 

 

Figure 5-15: Different objects grasped by the dummy hand using the orthotic exoskeleton for 

normal actuation at 0.6 A of current  for 25 s (a) Wooden block (3.75 X 3.50 X 2.25 mm) (b) 

Double sided tape roll (c) Tweezer/Plucker (d) Paint brush (e) Square shaped DAQ (f) Weight (20 

g ) (g) small spherical ball (h) Thread spool (i) Cuboidal 3D printed part (j) Triangular metal piece 

(k) Plier (l) Egg Scrambler (m) Cola Can (n) Small Bench Vise (o) Paper Tape (p) Gorilla glue 

bottle. (Gravity is acting downward). 
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Tests were performed to carry out the grasping of various objects, including some basic daily use 

items. The hand was placed on a vertical stand in a position such that the gravity acts downwards. 

The various objects used for the grasping are shown in the Figure 5-15. The objects range from a 

thin hand paint brush (Figure 5-15d) to a beverage can (Figure 5-15m). These experiments were 

conducted using normal actuation at 0.6 A current for 25s. The pulsed actuation grasping of 

different objects can also be implemented in a similar manner. 

5.10 iGrab device with the locking mechanism: 

To improve the energy efficiency of the device, we designed a locking mechanism which can be 

integrated in the device for locking the finger position as shown in the Figure 5-16a. The locking 

mechanism was a linear ratchet mechanism with 20 teeth. The pawl was kept in the locked position 

with the help of an elastic cord as shown in Figure 5-16b. A 2-ply muscle of 25 mm length was 

used to move the pawl in order to release the gear and then the finger can return back to its original 

position. The gear moves back and forth in the linear guide ways made in the exoskeleton. The 

pawl was also 3D printed along with the exoskeleton base leaving only linear gear, pulleys and 

ring to assemble with it. The passive tendon is mounted on the one side of the muscle and TCP 

muscle is tied on another side of the muscle. The gear remains in the engaged position with the 

help of an elastic cord. It is released using a small 2-ply TCP muscles by sequential actuations. 

Then, pulleys are used to accommodate the larger length (150 mm) of the TCP muscle and TCP 

muscle was fixed to the exoskeleton from the other end. The length of the muscles can be adjusted 

by using a length adjuster at the fixed end. 
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Figure 5-16: showing the iGrab with the locking mechanism: (a) Device with the locking 

mechanism mounted of the test bed hand, (b) Magnified view of the locking mechanism showing 

all of its components, and (c) Orthotic device without the locking mechanism. 
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5.11 Characterization of the iGrab with the locking mechanism: 

 

 

Figure 5-17: Performance testing of the iGrab device with the locking mechanism: (a) Flexed index 

finger with trajectory of the joints; (b) Angular displacement of the index finger from the regular 

actuation, (c) Flexed middle finger with trajectory of the joints; (d) Angular displacement of the 

middle finger from the regular actuation, (e) Flexed ring finger with trajectory of the joints; (f) 

Angular displacement of the ring finger from the regular actuation, (g) Flexed middle finger with 

trajectory of the joints from the pulsed actuation; (h) Angular displacement of the middle finger 

from the pulsed actuation. 
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The orthotic device was tested for its performance as shown in the Figure 5-17. A 2-ply muscle of 

150 mm length was used to test the device. We tested the index, middle and ring finger for the 

regular actuation. Due to shorter length (150 mm against the 180 mm for the previous design) of 

the muscle and integration of the locking mechanism, the regular actuation for this prototype was 

0.7 A of current for 25 s. We can see from Figure 5-17 (b, d & f) that the finger flexion comparable 

to the device without locking mechanism was achieved. Also, we performed the pulsed actuation 

on the device as can be seen from the Figure 5-17 (g-h). By comparing the Figure 5-17(c-d) with 

Figure 5-17(g-h), we can see that equal flexion was achieved from both regular and pulsed 

actuation. But, the corresponding joints have different angular movements. Such a response is due 

to under-actuation of the finger. 

5.12 Design of the orthosis for the clenched fist patients 

The clenched fist patients are the special case of the disability associated with the muscular 

disorders. People with this disability, mostly suffer from the plasticity of the tendons. The orthotic 

device for the people with the clenched fist is presented in the Figure 5-18. Figure 5-18a&b shows 

a new dummy hand with the integrated orthotic device and without the device respectively. The 

new dummy hand is obtained from local store and springs were mounted to simulate the behavior 

of a clenched fist. This was used for the testing of the orthotic device Figure 5-18c&d shows the 

full device with the ring arrangement and muscle integration for actuating the fingers.  Muscles 

were located in the forearm of the hand. Muscles were wrapped around the steel bearing pulleys. 

This will facilitate the longer muscle incorporation to extend the muscles completely. Passive 

tendons were used to transmit the force to the tip of the finger. The tendons are crimped on the 
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ring closet to the finger tip. PTFE pipes were used to channelize the passive tendons on the dorsal 

side of the hand. These PTFE pipes were kept in desired position using the sewed fabric.   

 

 

 

Figure 5-18: Pictures of the iGrab for the clenched fist :(a) Orthotic device mounted on a dummy 

hand mimicking the clenched fist; (b) A new dummy hand prototype with integrated with the 

springs to mimic the clenched fist; (c) Side view of the test bed hand with the orthotic device 

mounted on it showcasing the ring, tendon and muscle arrangement and (d) Top view of the test 

bed hand with the integrated orthotic device. 
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Figure 5-19: (a) Schematic diagram of the clenched fist model; and (b) Physical model of the 

dummy clenched fist model. 

 

The thermal protection layer to protect the patients hand from the heat generated can be seen in 

Figure 5-18c&d. Device can be positioned at a convenient and comfortable location on the forearm 

using the Velcro.  

Figure 5-19a is shows the schematic diagram of the dummy test bed clenched fist model. We 

fabricated it using the manikin hand available commercially by integrating the spring between the 

joints to behave similar to the clenched fist hand. We preformed tests on the hand. The device is 

useful for the patient training as well restoring the hand capabilities.  

5.13 Simulation and Modeling 

The dynamic modeling was performed using Euler-Lagrange approach [115] as discussed in 

Chapter 4. This method uses the energy method to calculate the various parameters of the 

mechanism on a certain amount of input such as torque in this particular case. We have provided 



 

154 

the dynamics of three links applied to robotic finger following this approached in [157] along with 

a simulation of finger motions actuated by TCP muscles. 

 
 

 

 

Figure 5-20: Dynamic model of the index finger: (a) Front view of the finger model with rings (b) 

Free body diagram, where “e” is the offset from the central axis. 

 

 

Figure 5-20 shows the free body diagram (FBD) of the finger with the orthotic device mounted on 

it, where tendons at offset distance, e enabling flexion of the finger due to muscle contraction.  The 

Euler-Lagrangian modeling equations are as follows:  

d

dt

∂L

∂qi̇
−

∂L

∂qi̇
= τi         

(5-5) 

Equation (5-5) is the standard Euler-Lagrange equation for robotic manipulators. It was adopted 

from [158]. The term “L” is a difference of kinetic energy (K) and potential energy (P) as provided 

in Equation (5-6).  

L = K − P (5-6) 

K =
1

2
mvTv +

1

2
wTIw 

(5-7) 



 

155 

This equation (5-7) can be written in the following form in case of a manipulator: 

K =
1

2
q̇TD(q)q̇ 

    (5-8) 

The potential energy (P) term is given by:  

P = ∑ Pi

n

i=1

= ∑ gTrcimi

n

i=1

 
(5-9) 

Where: K = kinetic energy, P = potential energy,  τi  = input torque for the ith link,  qi = angular 

displacement the ith link (referred as 𝜃𝑖 in   result plots), 𝑞�̇�= angular velocity of the ith link 

(referred as 𝜔𝑖 in result plots), 𝑟𝑐𝑖= center of the mass of the ith link,  D(q) = inertia matrix, q is 

the angular position vector q = [q1 q2 q3] = [θ1 θ2 θ3] , q̇ is the angular velocity vector q̇ =

[ q̇1 q̇2 q̇3] = [ θ̇1 θ̇2 θ̇3], mi = mass of the ith link, and n = number of links. 

Equation (5-5) can be expanded as follows: 

  

𝜏1 = 𝑑11�̈�1 + 𝑑12�̈�2 + 𝑑13�̈�3 + 𝐶111�̇�1
2 + 𝐶221�̇�2

2 + 𝐶331�̇�3
2 + (𝐶211 + 𝐶121)�̇�1�̇�2

+ (𝐶311 + 𝐶131)�̇�3�̇�1 + (𝐶321 + 𝐶231)�̇�2�̇�3 + ∅1 + 𝜏𝑑1 

 

(5-10a) 

𝜏2 = 𝑑21�̈�1 + 𝑑22�̈�2 + 𝑑23�̈�3 + 𝐶112�̇�1
2 + 𝐶222�̇�2

2 + 𝐶332�̇�3
2 + (𝐶212 + 𝐶122)�̇�1�̇�2

+ (𝐶312 + 𝐶132)�̇�3�̇�1 + (𝐶322 + 𝐶232)�̇�2�̇�3 + ∅2 + 𝜏𝑑2 

 

(5-10b) 

𝜏3 = 𝑑31�̈�1 + 𝑑32�̈�2 + 𝑑33�̈�3 + 𝐶113�̇�1
2 + 𝐶223�̇�2

2 + 𝐶333�̇�3
2 + (𝐶213 + 𝐶123)�̇�1�̇�2

+ (𝐶313 + 𝐶133)�̇�3�̇�1 + (𝐶323 + 𝐶233)�̇�2�̇�3 + ∅3 + 𝜏𝑑3 

(5-10c) 
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Where dij are the components of the inertia matrix, Cijk are the coefficients of the centrifugal and 

Coriolis components. qi is the angular displacement, q̇i is the angular velocity and q̈i is the angular 

acceleration of the joints, ∅i is the partial derivative of the potential energy with respect to the 

angle qi. The Euler-Lagrangian equation discussed above was solved using Simulink® 2016 using 

parameters provided in Table 5-8.   

 

Table 5-5: Simulation parameters for the orthotic ring finger 

Parameter Value 

M1 9.40×10-3 kg 

M2 6.67×10-3 kg 

M3 3.12×10-3 kg 

MoI (I1) 4.08×10-6 kg-m2 

MoI (I2) 2.27×10-6 kg-m2 

MoI (I3) 1.11×10-6 kg-m2 

Simulation Time 50 s 

LoL 1 (L1) 0.036 m 

LoL 2 (L2) 0.026 m 

LoL 3 (L3) 0.019 m 

Damping factor (cd) 0.001 

Input type Experimentally Measured 

Offset (e) 4.4 ×10-3 m 

Input Force (max) 2.84 N 
 

*MoI = Moment of Inertia           LoL = Length of Link               Mi = Mass of Link 

 

The assumptions for modeling are taken form our previous work [157] : (1) Friction joints are 

smooth with negligible friction, (2) Passive tendons are moving smoothly through rings without 

jerks (3) Fingers have a uniform stiffness for all its joints, and (4) Input force profile is known 

previously using experimental measurements.  

Assuming the torque generated by the TCP actuator is distributed at each joint (τ1 = MCP joint, τ2 

= PIP joint and τ3 = DIP joint) with certain factors, the torques can be written as follows:  



 

157 

τ3 = 𝛾.𝜏;   τ2 =β.τ; τ1 = α.τ; τ = F.e (5-11) 

Where α, β, γ are a fraction of the torque experienced by each link, F is the force generated by the 

TCP muscle and e is the offset distance of the tendon. Though these fractions are not constant 

during the motion for the sake of simplicity we are assuming those to be constant having values 

equal to 0.73, 0.55 and 0.33.  

 

 

Figure 5-21: Comparison of the angular positions simulation with damping factor (cd1=0.001) with 

the experimental results. 

 

 

The simulations also consider damping factor with is an integral part of any mechanical systems. 

Several researchers have discussed damping in the human hand [125, 127, 128]. We have 

simulated the angular positions of the three joints of the ring finger (Figure 5-21) by considering 
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damping factor (Cd = 0.001) to compensate different hand structures, mechanical design of orthotic 

device and usage. Results for angular displacement, experimental and simulated values, are seen 

to be relatively close to each other. 

5.14 Conclusion 

In this chapter, we demonstrated the design, characterization, modeling and validation of novel 

orthotic hand called iGrab. The orthotic device was mounted on a biomimetic hand and tested for 

grasping, holding and pinching capabilities of various objects with different shapes and sizes.  The 

model was developed in CAD software and 3D printed, integrated with a technical textile (for 

thermal management purposes) containing sewed tendon channels. Our approach allowed to 

fabricate the lightest hand orthosis ever reported (100 grams without batteries) for all five fingers 

including multidirectional thumb control and for the first time, a TCP muscle powered orthosis. 

We demonstrated that iGrab is capable of mimicking the basic movements of a finger, including 

flexion and extension while keeping its force output over 200 cycles.  

Further, we developed a 3D printed, orthotic hand exoskeleton incorporating the wrist motion 

using nylon 6, 6 TCP muscles. This device has a mass of 110 grams, and the forearm attachment 

has a length of 240 mm with a width of 65 mm at the wrist and 90 mm on the forearm whereas the 

palm attachment has a width of 110 mm. Each muscle used for the actuation was a 2-ply TCP 

muscle with a length of 380 mm and a diameter of 1.35 mm. Successful grasping of various daily 

used objects was achieved using the orthotic exoskeleton along with full flexion and extension of 

all five fingers and wrist of the hand. The range of motion of all the fingers was determined for 

normal as well as pulsed actuation which was found to be fast and convenient.  
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Efficiency of the device was improved by designing the locking mechanism fit for the orthotic 

device. The locking mechanism was integrated in the orthotic device and tested. 

A hand model for replicating the clenched fist was also made during the study to address the issues 

related to clenched fist. An orthotic device to address such issues was also developed and 

incorporated with hand. We have performed some preliminary tests and some results are presented. 

The dynamic performance of the device was studied using Euler-Lagrangian modeling and 

simulation, which were matched with experimental results. A dynamic model would help in the 

control of the device. The next steps in this work include the inclusion of a locking mechanism to 

increase the power efficiency of the device and design modifications to improve actuation and 

thermal management. Pulsed actuation with forced cooling would be the key to achieve high-

frequency motion. Prospective users with muscle and nerve disorders could benefit from the iGrab 

device once it is fully developed including electronics and control method. 

 

 

 

 

 

 

 

 



 

160 

CHAPTER 6                                                                                                                       

ROBOTIC HAND WITH LOCKING MECHANISM USING TCP MUSCLES FOR 

APPLICATIONS IN PROSTHETIC HAND AND HUMANOIDS 

 

This chapter presents a biomimetic and customizable robotic hand with locking mechanism 

consisting of Twisted and Coiled Polymer (TCP) muscles based on nylon precursor fibers as 

artificial muscles. The current study focuses on an adult-sized prosthetic hand with improved 

design and a position/force locking system. Energy efficiency is always a matter of concern to 

make compact, lightweight, durable and cost effective devices. In natural human hand, if we keep 

holding objects for longer time, we get tired because of continuous usage of the energy for keeping 

the fingers in certain positions. Similarly, in prosthetic hands we also need to provide energy 

continuously to artificial muscles to hold the object for a certain period of time, which is certainly 

not energy efficient. In this work we, describe the design of the robotic hand and locking 

mechanism along with the experimental results on the performance of the locking mechanism.  

6.1 Introduction 

Prosthesis has comes a long way since its inception. As of 2008, 1.9 million amputees in United 

States alone, with a number much more larger throughout the world [159]. Many prosthetic hands 

have been developed based on different technologies, materials, and designs by researchers around 

the world [101, 115, 160, 161]. One of the important things in development of prosthesis is its 

ergonomics, which is mainly affected by the weight of the device. Weight of the device is 

dependent on the material used in fabrication of the hand and its powering source such as batteries. 

Of course, everything comes after the abilities of the hand to perform prehensile and non-



 

161 

prehensile movements. Lightweight and other features of prosthetic hands or robotic systems are 

secondary attributes since the primary purpose of such devices is manipulation or grasping 

capabilities. In this study, we have developed a 3D printable device with locking mechanism in 

order to make the device light weight both by reducing the batteries as well as material used. We 

have designed the device and 3D printed the locking mechanism in different sizes to perform 

experiments and validate the efficacy of the mechanism. Twisted and coiled Polymer (TCP) 

muscle is used as an actuator for the device. Locking mechanism should be able to help a user for 

saving energy, because doing a certain task requires maintaining multiple joints in the same 

position for longer periods such as holding objects in day to day life. Locking mechanisms are not 

new to the robotics. They have been developed in different configurations and designs in order to 

reduce the power consumption in different devices and make them more energy efficient.  

Plooij et al. in 2015 [162] presented a review of the different locking mechanisms for the use in 

robotic systems. The study has well classified locking mechanisms based on different principles 

such as mechanical locking, friction based and singularity locking. They also provided a full table 

of the devices with classification based on different parameters. In a similar work, to ours, 

Andrianesis and Tzes in 2008 [163] designed a prosthetic device with position locking mechanism 

utilizing shape memory alloy actuators(SMAs). But they didn’t explain much about the working 

principles of the locking mechanism. In another study in 2015, Firouzeh et al.[164] designed a 

robotic arm with shape memory polymer (SMP) based joints in order to control the different joints 

on demand. Though, the purpose of the study was not on the locking mechanism, it was intended 

for increasing the mobility of the arm with more position control. Chu et al. in 2008 [165] presented 

a self-locking multifunctional hand for a purpose primarily to retain the finger positions under the 
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influence of external forces. The locking mechanism is based on a cam-ball and clutch, which 

works on changing values of friction. The MANUS-hand [166] utilized the Geneva locking 

mechanism in the prosthesis with intermediate positions mainly for thumb and wrist position 

locking. This device looks bulky weighing around 850g for adults. Yang et al. [167] have presented 

a bilateral self-locking mechanism for an in-pipe robot.  The devices are small in dimension (18-

20 mm in diameter) and they can be used in areas where there is a major space constraint. Among 

other 3D printed hands, Wu et al. [82] used nylon (TCP) muscles as actuators and presented a light 

weight and 3D printed hand, but considerable energy was needed to continuously retain a specific 

position that is technically not efficient, and requires larger battery pack for longer operation hours. 

For most of the aforementioned devices, the basic problem was with the design, size and weight 

of the locking mechanisms. We need a locking mechanism, which should be light in weight, 3D 

printable without much post processing.  

6.2 Mechanical Design of the locking mechanism 

The locking mechanism presented in this chapter was designed to be 3D printable and light in 

weight. Many different ideas of designs were considered and we found that the cone-shaped shell 

and lock as shown in Figure 6-1 to be the simplest and the most effective for this application and 

space requirements. The mechanism itself consists of three different parts: a shell, a lock and a 

spring.  
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Figure 6-1: Schematic diagram for: (a) Locked Position and (b) Unlocked Position. 

 

As shown in the schematic diagram in Figure 6-1a, the locked position is when the conical lock is 

pressed against the shell with the help of a spring. The lock has a hook at center to be pulled by 

actuator II (TCP II) to unlock it, so that tendons (Flexor and Extensor) can move back and forth 

freely as shown in Figure 6-1b. Flexor (TCP I) and extensor (TCP III) muscle can be locked at any 

position, by activating and deactivating TCP II. Activating the muscle II will result a gap between 

the shell and the cone. The advantage of this design is that locking positions are not discrete like 

ratchet; the mechanism can be stopped at any desired position.  The spring required to keep the 

lock in the position should be good enough to hold the lock in the shell firmly.  
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Figure 6-2: CAD model of two different configurations: (a) Long Size Design (LD) and (b) Short 

Size Design (SD). 

 

Two different design configurations were considered as shown in Figure 6-2. The first design, 

Figure 6-2a is a long size design with spring just on the central cylindrical part of the lock, not on 

the conical part. So it is not covering the outer most shell with the spring. Therefore, this design is 

basically longer in length but smaller in diameter. Whereas, another design shown in Figure 6-2b 

is compact in terms of length as the spring is running over the shell, saving space for the spring 

but the overall diameter is increased by the size of spring as can be observed from the figure. The 

25x25 mm rectangle is the fixture for the mechanism with shell, where the spring is fixed to its 

surface. The rectangular size can be reduced further to smallest size as diameter D1 plus some areas 

to retain the spring in place. For parametric study, we have 3D printed 6 different designs with 
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lengths and outer diameters as provided in Table 6-1. The reference code for each 3D printed parts 

are given as SD (D2-L-D1), representing SD = Short design, D1= the bigger diameter 2, L= the 

length and D2= the smaller diameter in the shell. The parametric dimensions were shown earlier 

in Figure 6-2. 

 

Table 6-1: Dimensions of the locking Mechanism 3D printed during this study. 

Sr. No. Length, L 

(mm) 

Max. Outer 

Diameter, D1(mm) 

Min. Outer 

Diameter, D2(mm) 

Reference Code for 

samples 

 Short Size Design 

1 15 8 5 SD(5-15-8) 

2 15 10 7 SD(7-15-10) 

3 20 13 9 SD(9-20-13) 

4 20 15 11 SD(11-20-15) 

 Long Size  Design 

1 40 12 6 LD(6-40-12) 

2 40 14 8 LD(8-40-14) 

 

Out of the different dimensions, the design with 20 mm length (L), 9 mm minimum diameter (D2) 

and 13 mm maximum diameter (D1) was chosen for experimentation due to its optimal size to be 

used in the prosthetic device or humanoid hand and accuracy of the printing. This decision was 

based on the printing with ABS plastic. While 3D printing such a device where the shell has a 

particular slope in these small dimensions, the lock should also be with the same slope and 

accuracy in order to get best performance. The designs, printed less than these sizes (i.e. sample 

SD (7-15-10) and SD (5-15-8)) did not have exactly the same slope as the shell and lock, causing 

issues in working. 
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Figure 6-3. Printed locking mechanisms and fixtures: Reference code shown in Table 6-1:  (a) SD 

(9-20-13), (b) LD (6-40-12), (c) SD (5-15-8) and (d) fixture on the back side, (e) a 10 mm diameter 

3D printed surface without acetone vapor and (f) 3D printed part vaporized acetone for 10 min that 

hardened in 5 hours. 

 

Figure 6-3 shows some of the 3D printed parts with ABS materials. Figure 6-3a & b were the parts 

actually used for experiments (dimensions as designated in the reference code for the samples). 

The Figure 6-3c was the smallest size printed with maximum-minimum diameters 5 mm-8 mm 

with 15 mm length. But the printing accuracy was not that great using the Fortus® 250 mc printer 

and the cone came out thicker than the shell. Therefore, the effect of dimensional changes should 

be studied in order to make smaller locking mechanism, whereas surface finishing and surface 

properties may also remain issues, which could be figured out or we need to make them with some 

other material to reduce inter-surface forces. The example shown in the Figure 6-3d is a fixture 

used to attach muscle at the back at multiple locations as needed during the experiments. 

  

 

 

 

 

 

 

Figure Error! No text of specified style in document.-1. Printed locking mechanisms and fixtures: 

Reference code shown in Table 1:  (a) SD (9-20-13), (b) LD (6-40-12), (c) SD (5-15-8) and (d) 

fixture on the back side, (e) a 10 mm diameter 3D printed surface without acetone vapor and (f) 

3D printed part vaporized acetone for 10 min that hardened in 5 hours. 
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3D printing results in a rough surface, causing high friction among the shell, the lock and the 

tendon depending on the slope. These interactions determine the movement against each other. To 

avoid these technical flaws in the design due to 3D printing, we needed to perform acetone 

vaporization on the surface to make it smooth. Even, this can cause higher dimensional errors due 

to small expansion in dimensions. So, one has to perform acetone vaporization to smoothen the 

surface carefully in order to get desired surface properties. Figure 6-3e & f show surface finish of 

the 3D printed parts without and with acetone vaporization.  

Another consideration in the design of locking mechanism is the tendon size, tendon surface 

properties and spring. We used 0.3 mm diameter beading wires as tendons, which are small in 

sizes and can smoothly move over the acetone treated 3D printed structure. Acetone treatment 

smoothen the surface of ABS printed structures. Apart from the diameter and the surface of the 

printed structures, the surface of the beading wire (originally selected as tendons) was quite hard 

and cannot deform radially, which caused it to slip though the locking mechanism. To address this 

issue, we used a thick wire as tendon coated with rubber (overall diameter 0.5 mm) to avoid 

slipping and dragging of the tendon to minimum. The rubber coated wire deformed radially and 

squeezed within the conical shell.  The spring needed to keep the lock in position and bringing it 

back to original position after unlocking should be a conical extension spring, ideally with an 

optimum value of spring constant. For the current experiment, we used cylindrical spring (the 

specifications of the spring are: K= 0.25 N/mm, number of coils = 15, length = 16.60 mm, external 

diameter = 15.60 mm and internal diameter =14.10 mm) to fulfill the requirement but this can be 

custom made in order to get optimum performance.  
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6.3 Mechanical Design of Hand 

A prosthetic hand as shown in the CAD design Figure 6-4 is an adult size biomimetic hand with 

locking mechanism. The hand consists of four locking mechanisms to control the movements of 

the fingers and save energy. Another two will be needed to control the wrist movement and two 

for thumb movements.  In the natural hand, the thumb of the hand has a modified ball and socket 

joint, which is controlled by a bunch of tendons providing multiple movements. The extra-range 

of motion of the ball and socket can be restricted by designing socket with complete enclosure for 

a ball in the back and providing deeper cut in the front to provide a full range of motion.  Design 

improvements needed to provide adduction and abduction motion of the wrist as well.  

 

 

 

Figure 6-4: Prosthetic hand CAD model showing locking mechanism placed in the palm of the hand 

 

The palm is designed with a curvature on top in order to provide better grip on objects as natural 

hand. The hand itself will be completely fabricated in assembly mode for easy in integrating 

multiple parts and results functional prototype from a 3D printer[121].  The only thing needed to 

assemble is the locking mechanism since springs are needed to be assembled. So, in this 
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configuration, the hand will be very light in weight and highly customizable based on requirement 

of individuals.  

6.4 Experimental Setup 

After designing the locking mechanism, we performed experiments to test the performance. The 

experimental setup for the locking mechanism includes a mounting assembly on an optical table 

along with some TCP muscles. We used a bias spring (a load spring) to act as finger and measure 

the force retained by the locking mechanism using load cell. For this experiment, we also used 

Omega® Full Bridge LCL-010 load cell and NI cDAQ to record the data from the experiment, 

locking mechanism system and a computer controlled power supply model BK Precision 9182.  

 

 

 

Figure 6-5: Schematic of the experimental setup (only the flexor tendon is shown).  

Load Spring to 

be actuated 
Cone  
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Figure 6-6: Experimental setup for locking mechanism: (a) Full view and (b) A section of the 

mechanism.  

 

Figure 6-5 shows the schematic diagram of the experimental setup including all the components 

required to perform experiment on the locking mechanism. Figure 6-6a shows the actual 

experimental setup (full view) mounted on an optical table, which consists of two fixtures, tendon 



 

171 

(Flexor) to pull a load spring, TCP II muscle to actuate the spring/cone at the shell and TCP I 

muscle to pull the load spring connected to a load cell. 

Four, 2-ply muscles (TCP II) of the 130 mm length each were used to actuate locking mechanism 

(the cone structure) and one three ply muscle (TCP I) of 210 mm was used to actuate the bias 

spring (load spring). The number of muscle was determined based on the force needed to pull at a 

certain distance. The TCP I can provide 14% strain and 2.4 N force; whereas, the TCP II can give 

12% strain and 4 N force. Figure 6-6b is a magnified view of the muscles (TCP I and TCP II), 

locking spring and fixtures in the optical table. 

The muscle for the locking mechanism needs to be actuated sequentially in synchronization with 

movement of the tendon it is controlling. So, this timing during the experiment was controlled 

using the computer controlled power supply. For application in robotic hand, programing for 

accurate timings is necessary to make the mechanism effective and minimization of errors. As 

described earlier in the schematic diagram (Figure 6-1), TCP II actuates once and unlocks the 

wedge area, and then either of the two muscles (TCP I or TCP III) will be actuated to move the 

load spring (mimicking finger) to desired position, flexion or extension. 

6.5 Results and Discussions 

Using the sequential movements of the muscles as described in the last section, we have performed 

experiments using the experimental setup shown in Figure 6-6. The data were measured using NI 

cDAQ, processed using Matlab® 2015 and the results are presented in Figure 6-7.  Initially, a 

power of 7.5 W was provided to TCP-II for 15 s starting from time 0 s; next at time 10 s, the TCP-

I was actuated by providing various magnitudes of power (3W-11W). The force of TCP I started 

increasing at the 12th -15th second and remained locked with some slippage until another cycle 
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was turned on for TCP II. As seen in Figure 6-7b, the result presented here shows five different 

iterations (3W-11W power supplied to TCP-I) that resulted in variation in the force magnitudes 

and retained by the locking mechanism with a maximum force of 4 N. From Figure 6-7c, we can 

observe five different locking and unlocking power cycles with almost same power provided to 

lock and unlock TCP II. Figure 6-7b also shows the power supplied to stretch the bias spring (load 

spring), where the corresponding increase in force can be observed on the load cell.  

From the Figure 6-7a, initially there is a sudden change in the force, which was caused due to the 

motion of the cone (lock) and tried to drag the tendon along with it. This is a disadvantage of such 

mechanism, but this can be reduced by increasing the slope of the cone. Similarly, while locking, 

it will also drag the tendon forward with it after frictional force becomes maximum between the 

tendon and the cone, and prevents any more relative motion.  

Referring to Figure 6-7a, for the 4 N force (light blue), the decrease in force is 10.38%; while for 

the 3.5 N force (dark blue) this percentage is approximately 4.53%. Results show that the locking 

mechanism can effectively retains a force up to 3.5 N in its current configuration and afterwards, 

slip starts increasing.  The decrease in force percentage (LF) was calculated using the following 

equation: 

 

LF =
fm−fr

fm
100%  6-1 

 

Where:   fm= maximum force exerted by TCP muscle (TCP I) on bias load spring (load spring). 

               fr= force retained by locking mechanism at steady state.  
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The fm and fr are indicated in Figure 6-7a, to clarify the retaining performance and quantify the 

performance of the locking mechanism.  The slip or reduction of force can be reduced by 

controlling the geometrical accuracy, surface properties of the conical structure and tendon 

material properties. Slip and drag of the locking mechanism cannot be eliminated fully. But this 

can be tackled by using it as an error for controller and corresponding feedback that can be utilized 

to minimize error in manipulator position. 

Figure 6-7b represents power supplied to TCP I the bias spring (the load spring), which is actually 

mimicking the force exerted by manipulator on the tendon and hence needed to be retained by 

locking mechanism. Therefore, the figure shows different power levels to show different power 

requirements of the manipulator. We can clearly see that the muscle needed only few actuation 

times (20 s) and the force remained the same without applying any power to the flexor muscle for 

30 to 70 s. This result shows that a significant amount of energy is saved while positioning a load 

to certain distance and constant force.   

Power required to lock the tendon in position is the same every time since the spring pushes back 

the lock in its original position. But unlocking force is determined by the amount of force the 

mechanism has locked. Therefore, the first pulse in Figure 6-7c represents power provided to 

unlock is slightly variable. This is because of the reaction of the opposite pulling force on the cone.  

Another thing is the power required to lock and unlock is high, which can be reduced by controlling 

frictional force between shell and cone. 
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Figure 6-7: Experimental results (a) Force retained by Locking Mechanism (b) Power input given 

to TCP I for stretching bias spring (load spring) and (c) Locking mechanism input power  provided 

to TCP II. 
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6.6 Conclusion 

A locking mechanism that can conserve the usage of energy or power of actuators was designed 

based on springs and sequential actuation of muscles or actuators that are arranged to actuate at 

different time interval. Experiments on a 3D printed structure with small diameter (D2) of 9 mm, 

large diameter (D1) of 13 mm and a length (L) of 20 mm conical structure showed good 

performance of retaining a force of 3-4 N, for 30 to 70 second without applying any power to the 

muscle. The locking mechanism utilized a spring with stiffness of 0.25 N/mm and actuated by 

TCP muscles.  A prosthetic hand was designed and the concept of the locking mechanism was 

studied using an experimental setup in order to test different sizes and configurations. There are 

certain changes in the mechanical design that can be made such as introducing some mechanical 

advantage to reduce the power consumption to lock and unlock.  The locking mechanism could be 

applied to other actuators such as shape memory alloy or other smart materials. 

 

 

 

 

 

 

 

 



 

176 

CHAPTER 7                                                                                                                

SUMMARY, CONTRIBUTION, AND FUTURE WORK 

 

In this work, an extensive study on twisted and coiled polymer (TCP) muscles was done. These 

actuators are light-weight, cost-effective and high on power to weight ratio. During the study, it 

was found that most of the conventional actuators are not biomimetic and results in expensive and 

bulky systems. Hence a detailed study on TCP muscles was conducted including the 

characterization and modeling. Later, the actuators were used for the application in orthotics, 

prosthetics and sensing. A fully developed orthotic device named iGrab was created in two phases 

in collaboration with Lynntech Inc. and Nanotech Institute at UTD.  

7.1 Summary 

The first chapter of the dissertation describes the objective and motivation of this study. Later the 

chapter focuses on the literature review of the orthotic devices. The review showed that most of 

the devices available in the literature utilized convention actuators. Furthermore, Most of the 

actuators are bulky and results in heavy exoskeleton devices. The choice of materials is crucial in 

developing a device which can restore the full functionality of the human hand. A comparative 

table of the various devices is provided that encompasses DOF, size, weight and control method.   

The second chapter provides the insight on the twisted and coiled polymer (TCP) muscle. 

It describes a detailed procedure of the TCP muscle fabrication which includes twisting and coiling 

followed by annealing and training of the materials. The fabrication process also involves the 

plying of the TCP muscle to form multi-plied muscles for specific applications. During the study, 

1-ply, 2-ply and 3-ply muscles were fabricated. Results on the various characteristics of the 
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muscles are presented in the chapter which includes stress, strain, temperature and power in 

response to two actuation methods, regular and pulsed actuation. Further, SEM images of the 1-

ply and 3-ply muscles are presented to understand the structure of the coil, silver distribution and 

degradation of the muscle. Also, the chapter includes the tensile testing results of the precursor 

fiber, 1-ply, 2-ply and 3-ply muscles. It shows that as the number of plies is increased, there is a 

decrease in the tensile strength of the muscle. In the end, the chapter shows the thermal imaging 

results of the TCP muscle such as the temperature distribution on the surface of the TCP muscle 

and determining the emissivity of the TCP muscle. Experiments were done to determine the 

emissivity of the TCP muscle which lies between the ranges of 0.39-0.67 for a temperature range 

of 25 oC to 160 oC.  

Chapter three shows the study of the TCP muscle the fabrication process and the effect of 

the speed of the coiling on the TCP muscle. A precursor fiber was twisted at four different speeds 

of 200, 600, 1000 and 1000 RPM using a DC motor. 1-ply, 2-ply and 3-ply muscles were fabricated 

at four different speeds. All the samples were tested using a custom-made experimental setup 

containing of a load cell, inductive displacement sensor and K-type thermocouple to record the 

parameters. All the data were acquired using NI cDAQ and LabView® program. The results 

include force vs speed, and displacement vs speed data. The study also shows the results for power 

consumptions and output force in reference to the speed of twist insertion and the effect of the 

speed of the twist insertion on the natural frequency of the muscle. In the second part, we used the 

fishing line TCP muscle (non-silver coated) for demonstration of temperature sensing device and 

showed the working principle as well as prototype. 
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Chapter four comprises of the development of the Euler Lagrangian modeling for robotic 

and orthotic hand. We derived the equations for three-link manipulator and developed a Simulink 

model for numerical simulation. The equations were derived manually and then verified using 

symbolic Matlab®. We added another term in the dynamic equation that has damping term and 

showed its effect. We generated few synthetic signals to test the response of the finger using the 

Simulink® model. Since the hand was underactuated, the distribution of the torque on the joints 

was not uniform. Three coefficients to calculate the torque distribution on each joint were 

determined in reference to actual angle responses. Also, we determined all the parameters of the 

finger joints using the CAD model or by physical measurement for instance interval parameters 

and masses. Further, we measured the force applied by the TCP muscle on the fingers using an 

experimental setup and determined from system identification later. The force profile was 

measured by keeping all the finger angles the same initially as well as at different initial angles. 

Also, the corresponding angles of the finger joints corresponding to the force profiles were 

measured with the help of a fast camera. The force profile obtained experimentally was directly 

plugged into the Simulink® model for slow actuation to find out the corresponding finger 

responses. Later, we performed the statistical analysis for comparison of the experimental vs 

simulated angles. Parametric study was performed to find out the effect on the finger angles 

corresponding to the change in magnitude of the force for the change in input current to the 

muscles. Further, System Identification based model was developed for TCP muscle using pulsed 

actuation experimental data. This model was integrated with Euler-Lagrangian model to predict 

the output of the system. Then, simulated values were compared to the experimental results and 

errors were quantified statistically Moreover, we performed sensitivity analysis on the model and 
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found that damping factor and spring constants have dominant effect and inertia has a very little 

effect. 

The fifth chapter describes the design and development of a hand orthosis device ‘iGrab’ 

using the twisted and coiled polymer muscles as actuators. The device was created using of 3D 

printed exoskeleton (rings and support structure) and sewed cloth on the exoskeleton. The device 

is highly customizable and it is capable of restoring a wide range of prehensile and non-prehensile 

hand movements. Passive tendons were used to connect the muscles and finger tips facilitating the 

pulling of the finger. The exoskeleton incorporates a thermal protection layer to protect a user from 

a heat generated during the muscle actuation. Also, pulleys were used to wrap the muscles around 

them to accommodate longer muscles. Further, a custom made testbed hand was prepared in the 

lab. The hand consists of a thumb with ball and socket joint to mimic the human hand thumb. The 

exoskeleton was first tested on the test-bed hand. We performed the regular (square wave, 10-20s) 

and pulsed actuations (short pulse, 1-2s) on the muscles and finger joint angles were measured 

using the fast camera. Also, the repeatability of the muscle was tested for 200 cycles when 

incorporated in the device. Later, grasping of the objects of the various shapes and sizes including 

fine washers and pencil as well as some large objects were tested. The hand could successfully 

grasp those various objects. Further, iterations of the device were performed to address the wrist 

related disabilities, clenched fist and energy efficiency related issues of the device. In the end, 

Euler-Lagrangian modeling was applied using parameters of the orthotic hand device to predict 

the simulated angles and compare them with experimental data.  

The sixth chapter describes the design and development of the locking mechanism to tackle 

the low efficiency of the TCP muscles. There were two different types of locking mechanisms 
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presented. Initially, a locking mechanism was designed using two parts, a cone and a shell. Two 

muscles (agonist and antagonist) were used for flexion and extension, and one muscle was used to 

position a spring-loaded cone structure. The locking mechanism was 3D printed and could be 

easily customizable in different sizes. We designed an experimental setup to test and characterize 

the locking device. Further, this locking mechanism was incorporated in a prosthetic hand and 

showed the application in CAD model of the prosthetic hand to show it’s the viability. Further, to 

address the issue of the power efficiency of the TCP muscle in the iGrab device, we developed a 

locking mechanism based on ratchet mechanism. This device was basically a gear of infinite radius 

i.e. a linear gear. The gear had twenty teeth on it and two hooks at both the ends to attach passive 

tendon on one side and TCP muscle on another side. The iGrab exoskeleton was modified to 

accommodate the locking mechanism, and a prototype was made. A ratchet was used to control 

the locked position of the gears, and a TCP muscle was used to actuate the gear. We tested the 

locking mechanism for few finger movements. 

7.2 Contributions 

The major contributions of this dissertation are as follows: 

7.2.1 Study of the twisted and coiled polymer muscles 

This dissertation consists of the extensive study of the three structures of twisted and coiled 

polymer muscles (TCP). We focused on fabrication and characterization of the TCP muscle, 1-

ply, 2-ply and 3-ply muscles. A custom-made setup was designed to characterize all the muscles 

muscle. The experimental setup was evolved over the period of time to incorporate better sensors 

and measurement techniques. All the parameters of the muscles were measured using the NI cDAQ 
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which included voltage, current, the force generated, displacement and temperature on the surface 

of the muscle. We tested several muscles independently and also as part of dynamic systems. Two 

types of actuation strategies were used, namely regular actuation and pulsed actuation. Regular 

actuation refers to the slow actuation where the heating time of the muscle is almost equal to the 

natural cooling of the muscle. This type of actuation is slow and low frequency (0.04-0.1 Hz). 

Pulsed actuation refers to the high-speed actuation using the electrical pulse of high power supplied 

to the muscle. This enables the muscle to fully contract at higher frequencies (0.5 Hz - 2 Hz). 

Further, both the type actuation strategies were implemented in the measurement of the muscle 

performance of the static loading (constant load) or dynamic loading (e.g. spring loaded). The 

performance study of the TCP muscles for use in biomedical applications such orthotics or 

prosthetics were performed in this work. 

A dedicated study was conducted to determine the effect of the fabrication parameters on the 

muscle performance. Muscle samples were fabricated at four different twist insertion speeds. Then, 

each muscle was tested for their performance. A comparative analysis of these muscles shows the 

performance of the muscles at different speeds. Also, the effect of the speed of the twist insertion 

was determined on the natural frequency of the muscle. Further, a thermostat device was designed 

to use the muscle as a sensor and showed the functionality of the device. Figure 7.1 shows the 

overview of the results on TCP muscle. 
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Figure 7-1: showing the glimpse of the results of the study on the TCP muscle. 

 

7.2.2 Design and Development of the hand orthotic device ‘iGrab’ 

A custom-made 3D printed wearable hand orthotic device was designed and developed during the 

study. The device was made of the 3D printed rings, exoskeleton and cloth. It also consists of a 

thermal protection layer and pulleys to accommodate the longer muscle lengths. We have used 

four muscles to actuate each finger. Initially, one muscle was used to control one degree of freedom 

of the thumb, which was later upgraded to two muscles for the thumb to control rotation as well 

as flexion motion of thumb. This facilitated the precise grasping of objects against each finger. 

Also, the thumb could reach to the different fingers enabling different synchronized motion in 

order to perform certain tasks. Further, we used the TCP muscle to accommodate the return motion 

of the fingers which was later on replaced with elastic cords to improve the device efficiency. 
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Various prototypes were developed to finally evolve it to its current state where is being considered 

for human subject testing. The exoskeleton is highly customizable, lightweight (100 grams of 

device plus 300 grams of batteries) and cost-effective. 

 

 

 

Figure 7-2: Showing the different iGrab prototypes from basic to fully developed orthotic device. 

  

We have also developed a custom-made test bed hand to test exoskeletons. The hand was designed 

with ball and socket joint to mimic the human thumb motion. We have performed the normal 

actuation and pulsed actuation to facilitate the flexion motion of the fingers. These angles were 

measured using the fast camera and data obtained were analyzed using Matlab® to study the finger 

motion. Then, experiments for grasping and holding of objects of different shape and sizes were 
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performed using the device. We performed these experiments on each device developed during 

the study. Also, repeatability of the TCP muscles was tested by cyclic actuation of the muscle 

while incorporated in hand. Also, further improvements in the device were made to allow the wrist 

motion.  

The locking mechanism was incorporated in the device to improve the energy efficiency of the 

orthotic hand. Further, A separate prototype was built to address the issue of the clenched fist. 

Figure 7.2 shows the overview of the prototypes developed in this work, which was introduced as 

a new orthotic device. 

7.2.3 Euler-Lagrangian modeling of TCP actuated Robotic and Orthotic hands 

During this study, we used the Euler Lagrangian equations for the three link manipulators to study 

the finger joint motion of the robotic and orthotic hands based on twisted and coiled polymer 

muscles. We initially derived the Euler Lagrange equation for the three link manipulator and 

verified it using Matlab® symbolic tool. The equations consist of all the parameters such as inertial 

components, Coriolis components, mass, potential energy and damping terms. Further, a Simulink 

model was developed based on these equations. The torque distribution coefficients were 

determined using the experimental data. Later, measured and synthetic force profiles were 

provided as an input to the Simulink® model. System Identification toolbox of the Matlab® was 

used to determine the transfer function of the electro-thermo-mechanical model of the TCP muscle. 

These inputs provided the torques, acceleration, velocity, and position of the individual finger 

joints as state variables. The simulated values were compared with the practically measured data, 

and statistical methods were used to find the error. Also, a parametric study on the effect of the 

force amplitude on the joint angles was performed. This study is important for under actuated 
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hands or three link manipulators and a joint system actuated by other soft actuators as it provides 

explicit equations and input force profile of actuators for the study of coupling with a dynamic 

system. The motion behavior of the finger predicted using the model was tested for its sensitivity 

to the parameters such as mass, inertia, spring constants, and damping terms. Figure 7.3 shows an 

overview of the dynamics study performed on a robotic finger actuated using a 3-ply TCP muscle. 

 

 

Figure 7-3: An overview of the Euler-Lagranian modeling of the TCP based hand. 

 

7.2.4 Locking mechanism for the prosthetic and orthotic devices  

We have studied the TCP muscle extensively and designed various systems such as orthotic, 

prosthetic and sensor based on TCP muscle, all of them have lower power efficiencies. This is due 

to the low efficiency of TCP which is close to 1%, and it makes these devices far more energy 

hungry. Two different type of locking mechanisms were designed during this study to improve the 
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efficiency of the systems based on the TCP muscles. One design was based on cone and shell 

mechanism using spring force to keep the tendon in position (locked). We fabricated this locking 

mechanism in various configuration and tested it. This device was able to retain the position of the 

muscle keeping a force of 3.5 N with 4.53% of slipping and hence keeping the attached link in a 

certain position. Similarly, another locking mechanism was designed based ratchet mechanism to 

improve the efficiency of the orthotic devices. We designed and fabricated this locking mechanism 

in various configurations and tested. Later, it was incorporated into the orthotic device. The 

orthotic device was tested for the efficacy of the locking mechanism such as holding force and 

frequency of actuation etc. The locking mechanisms are very important since they enable the user 

to maintain certain positions without the continuous usage of electrical energy and therefore save 

the battery life of such a device. This device can be used for other contractile actuators such as 

SMA, pneumatic, etc. Figure 7.4 shows an overview of the locking mechanism presented in the 

dissertation. 

 

 

 

Figure 7-4: An overview of the contribution towards locking mechanism for the improvements in 

the energy efficiency of the TCP based prosthetic hand. 
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7.3 Recommendations and Future Work 

The future work of this study includes the following: 

1. We have characterized the behavior of the TCP muscle experimentally, but an 

understanding of the muscle theoretically is very important. A Euler-Lagrangian model for 

the TCP muscle for static and dynamic loads can be developed to predict the behavior of 

the muscle theoretically. Later, such a model can be verified with experimental data. 

2. The muscle theoretical model and equations can help improving the muscle performance. 

Such a model can be developed to better understand the TCP muscle. Further, we can use 

this model to control the muscle. 

3.  System identification is also another way of studying the system. The current system 

identification on the muscle was performed only on one type muscle to determine the 

transfer function to determine the electro-thermo-mechanical model of the actuator. 

Further, work is needed to determine such model on other geometries and materials. 

4. In the development of the orthotic device, the integration of the sensors and EMG based 

control should be the further course of action. We will use pressure sensors, flex bend 

sensors, temperature sensors and humidity sensors to make the device fully functional. We 

will also include Li-Polymer battery to actuate the device.  

5. Lastly, the human subject test using the device needs to be conducted. 
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