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DESIGN AND MODELING OF A PNEUSMA SOFT ROBOTIC

CATHETER DEVICE USING RESISTANCE-BASED

MODELING OF NITINOL SPRINGS

Abstract

by Emily A. Allen, Ph.D.
Washington State University

July 2022

Chair: John P. Swensen

The soft robotics paradigm involves constructing robots out of soft materials to

improve their safety and ability to interact with humans and delicate objects. Much

research has been devoted to this emerging field in recent years as soft robotic devices

lend themselves to a variety of applications ranging from wearable rehabilitation

devices to biomimetics.

Soft, flexible devices show particular promise for medical applications where the

ability to perform snake-like manipulations with soft devices could radically improve

the safety and effectiveness of endoscopic and intravenous procedures. Where tra-

ditional catheter devices for these procedures can only be steered at the tip, there

exists a need for more maneuverable devices with a high number of degrees of free-
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dom (DOF) that can be controlled throughout the entire length. These devices would

be capable of traversing sharp bends and branches, enabling access to more remote

locations while reducing stress on surrounding tissue.

Recent efforts have focused primarily on pneumatic- and tendon-driven designs

for flexible catheter devices. While these methods offer excellent maneuverability,

they require complicated networks of tendons or supply tubes to accommodate in-

dividual control of each DOF in each series segment. In this dissertation, a hybrid

pneumatic/shape-memory alloy (PneuSMA) actuation strategy is proposed for a flex-

ible catheter device. The PneuSMA actuator is capable of multi-directional bending

without requiring separate tendons or pneumatic chambers for each series segment.

The PneuSMA actuator design and fabrication method are explained, and a quasi-

static analytical model is developed to predict the configuration of the device based

on the input pressure and shape-memory alloy (SMA) activation. The PneuSMA

analytical model relies on a resistance-based mechanical model for the SMA springs

which is developed in this work. The resistance-based nitinol spring model can easily

be applied more broadly to other SMA-actuated devices, and experimental results

show good agreement between the predicted and experimental curvatures in a single

pneuSMA actuator segment, indicating potential for precise control of the PneuSMA

catheter device.

v



TABLE OF CONTENTS

Page

ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiv

CHAPTER

1. INTRODUCTION TO SOFT ROBOTICS . . . . . . . . . . . . . . . . 1

Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Biological inspiration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Actuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Dielectric elastomers . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Shape-memory alloys . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Fluidic actuators . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

Medical applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Terminology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Existing soft robotic catheter devices . . . . . . . . . . . . . . . . . 9

Objective and contents overview . . . . . . . . . . . . . . . . . . . . . . 13

Summary of main contributions . . . . . . . . . . . . . . . . . . . . 15

Contents organization . . . . . . . . . . . . . . . . . . . . . . . . . . 16

vi



2. ELECTRO-MECHANICAL CHARACTERIZATION OF NITINOL
SPRINGS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

Applications of shape memory alloys . . . . . . . . . . . . . . . . . 19

Existing nitinol models . . . . . . . . . . . . . . . . . . . . . . . . . 20

Existing SMA control methods . . . . . . . . . . . . . . . . . . . . . 23

Electrical resistance feedback . . . . . . . . . . . . . . . . . . . . . . 24

Resistance-based nitinol spring model . . . . . . . . . . . . . . . . . 26

Background and modeling . . . . . . . . . . . . . . . . . . . . . . . . . 28

Nitinol phase transformations . . . . . . . . . . . . . . . . . . . . . 28

Electrical resistivity in metallic materials . . . . . . . . . . . . . . . 31

Helical spring mechanics for large deformation . . . . . . . . . . . . 35

Nitinol spring force model . . . . . . . . . . . . . . . . . . . . . . . 40

Characterization from measured data . . . . . . . . . . . . . . . . . . . 54

Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

Temperature-resistance relationship . . . . . . . . . . . . . . . . . . 61

Strain-resistance relationship . . . . . . . . . . . . . . . . . . . . . . 62

Isoresistive mechanical tests . . . . . . . . . . . . . . . . . . . . . . 66

Model implications . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

vii



Conclusions and future work . . . . . . . . . . . . . . . . . . . . . . . 77

3. PNEUSMA ACTUATOR DESIGN AND MODELING . . . . . . . . . 81

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

Pneumatic soft actuators . . . . . . . . . . . . . . . . . . . . . . . . 83

SMA’s in soft actuators . . . . . . . . . . . . . . . . . . . . . . . . . 84

PneuSMA actuator design . . . . . . . . . . . . . . . . . . . . . . . 85

Soft actuator modeling/control methods . . . . . . . . . . . . . . . 87

Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

Properties of nitinol material . . . . . . . . . . . . . . . . . . . . . . 89

Properties of silicone material . . . . . . . . . . . . . . . . . . . . . 93

Experimental characterization of constituent materials . . . . . . . . . 95

Nitiol spring characterization . . . . . . . . . . . . . . . . . . . . . 95

Silicone characterization . . . . . . . . . . . . . . . . . . . . . . . . 103

Analytical model for PneuSMA actuator . . . . . . . . . . . . . . . . . 115

State variables and curvature parameters . . . . . . . . . . . . . . . 117

Silicone force distribution . . . . . . . . . . . . . . . . . . . . . . . . 120

Bending moment balance . . . . . . . . . . . . . . . . . . . . . . . . 122

Force balance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

Model adaptations for alternative designs . . . . . . . . . . . . . . . 126

viii



Actuator fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

Experimental validation of analytical model . . . . . . . . . . . . . . . 133

Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

PneuFLEX curvature tests . . . . . . . . . . . . . . . . . . . . . . . 138

PneuSMA constant pressure tests . . . . . . . . . . . . . . . . . . . 139

PneuSMA constant heating tests . . . . . . . . . . . . . . . . . . . . 141

Model implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

Workspace comparison . . . . . . . . . . . . . . . . . . . . . . . . . 147

Design optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

Conclusions and future work . . . . . . . . . . . . . . . . . . . . . . . 149

BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

ix



LIST OF FIGURES

Page

1.1 Comparison of tip-steerable versus total-steerable catheter devices and
the resulting stress on tissue at branch points and sharp turns due to
passive design of tip-steerable devices. . . . . . . . . . . . . . . . . . . 10

1.2 Diagram of pneumatic/shape-memory alloy (PneuSMA) actuation ap-
proach for a soft, steerable catheter device. . . . . . . . . . . . . . . . 14

1.3 Insertion of active, total-steerable PneuSMA catheter device into a
curved channel to reach a target location. . . . . . . . . . . . . . . . . 14

2.1 Nitinol phase transformations. . . . . . . . . . . . . . . . . . . . . . . 29

2.2 Stress/strain diagram of nitinol phase transformations. . . . . . . . . 31

2.3 Factors affecting nitinol resistivity. . . . . . . . . . . . . . . . . . . . 33

2.4 Helical spring coil parameters. . . . . . . . . . . . . . . . . . . . . . . 34

2.5 Conversion from geometry-specific spring strain and spring force to
normalized material shear strain and shear stress. Dotted and dashed
lines show the effects of different mandrel diameters with the same
0.25mm wire diameter; different colors represent the effect of the initial
spring pitch (based on shape-setting) . . . . . . . . . . . . . . . . . . 41

2.6 Resistivity variation between phases. . . . . . . . . . . . . . . . . . . 51

2.7 Process of mounting nitinol springs on copper hooks using Molex crimp
terminals to connect electrical wires. . . . . . . . . . . . . . . . . . . 55

2.8 Experiment setup for electro-mechanical testing of nitinol springs. . . 56

2.9 Circuit diagram for heating and measuring temperature/resistance of
nitinol springs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

x



2.10 Isometric measurements of resistance vs. temperature in two different
Nitinol springs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.11 Isothermal measurements of resistance vs. strain at room temperature
in two different nitinol springs. . . . . . . . . . . . . . . . . . . . . . . 63

2.12 Conversion from twinned to detwinned martensite as a function of
shear strain from room temperature test where ξ0 is assumed to be one
(pure martensite when γ = 0). . . . . . . . . . . . . . . . . . . . . . . 64

2.13 Conversion from austenite to detwinned martensite as a function of
shear strain from highest temperature test where ξ0 is assumed to be
zero (pure austenite when γ = 0). . . . . . . . . . . . . . . . . . . . . 65

2.14 Measurements of shear stress versus shear strain at constant resistance
in two different Nitinol springs. . . . . . . . . . . . . . . . . . . . . . 69

2.15 Measurements of resistivity during loading from isoresistive tests in
two different Nitinol springs. . . . . . . . . . . . . . . . . . . . . . . . 70

2.16 Phase fraction evolution during isoresistive testing of two different niti-
nol springs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

2.17 Model fit to loading data from two different nitinol springs. . . . . . . 73

2.18 Families of isoresistive loading curves for two different nitinol springs. 74

2.19 Loading surface as a function of resistivity for two different nitinol
springs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.1 PneuSMA actuator design and bending capabilities. . . . . . . . . . . 86

3.2 Illustration of various PneuSMA actuator configurations achievable by
heating select regions of nitinol springs. . . . . . . . . . . . . . . . . . 87

3.3 Isoresistive stress-strain curves generated by resistance-based model
from the previous chapter for 35◦C nitinol springs. . . . . . . . . . . . 96

3.4 Residual strain as a function of pre-strain for 100% martensitic nitinol
springs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

xi



3.5 Residual strain in 35◦ nitinol springs from Eq. 3.2 as a function of
pre-strain and onset martensite fraction. . . . . . . . . . . . . . . . . 99

3.6 Stress-strain curves generated from Eq. 3.3 for various pre-strains at
different onset martensite fractions. Bold black curves represent initial
conditions in PneuSMA actuator springs which have been pre-strained
to γp = 0.1924. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

3.7 Stress-strain curves for PneuSMA actuator springs that are pre-strained
to γp = 0.1924. Left: recovery of residual strain upon heating from
ξ0 = 1 to ξ0 = 0.4. Right: keeping of residual strain γR during cooling
from ξ0 = 0.4 to ξ0 = 1. . . . . . . . . . . . . . . . . . . . . . . . . . . 103

3.8 Samples and setup for standard tension and bulk compression testing
of silicone material. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

3.9 Samples and setup for tension and buckling testing of fiber-wrapped
silicone tubes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

3.10 Stress-strain data from five different mechanical tests on Dragon Skin
10 FAST silicone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

3.11 Stress-stretch data from uniaxial tension and tube tension tests, along
with Neo-Hookean hyperelasticity model fit to uniaxial tension data. . 111

3.12 Silicone tube elongation tests compared with predicted elongation from
uniaxial stress assumption and Neo-Hookean model. . . . . . . . . . . 116

3.13 Left: dimensions of nitinol springs and silicone tube. Center: coordi-
nate system used for analytical modeling. Top center: silicone force
distribution throughout cross-section for bending actuation. Right:
configuration variables and curvature parameters. Top right: force
balance on actuator cap. . . . . . . . . . . . . . . . . . . . . . . . . . 118

3.14 PneuSMA actuator fabrication process for 2-spring actuator. Steps
(a)-(e) show the silicone tube casting; steps (i) - (j) show the pre-
stretching and placement of the nitinol springs; steps (k) - (m) show
the fiber wrapping process, and steps (n) - (t) show the silicone coating
and the attatchment of the supply tube and electrical connectors. . . 130

xii



3.15 Electrical connections to nitinol springs created by crimping Molex
crimp terminals around a copper core inserted into nitinol coils. . . . 133

3.16 PneuSMA and PneuFLEX samples for experimental validation. . . . 135

3.17 Wiring diagram and experimental setup for PneuSMA actuator tests. 137

3.18 Measured curvature versus model-predicted curvature for three differ-
ent PneuFLEX actuator geometries. . . . . . . . . . . . . . . . . . . . 138

3.19 Applied pressure and RMS current input during constant pressure
PneuSMA tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

3.20 Measured electrical resistance in nitinol springs during constant pres-
sure testing of the PneuSMA actuators. Dots represent actual mea-
surements; solid lines are polynomials fit to the measured data. . . . . 140

3.21 Comparison of measured curvatures and model-predicted curvatures
from constant pressure testing of PneuSMA actuators. Solid curves
represent model prediction; discrete points represent measured curva-
tures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

3.22 Typical pressure input for constant heating PneuSMA tests. . . . . . 143

3.23 Measured electrical resistance in nitinol springs during constant heat-
ing testing of the PneuSMA actuators. Arrows indicate the test start-
ing points; dots represent actual measurements; solid lines are fit to
smooth the measured data. . . . . . . . . . . . . . . . . . . . . . . . . 144

3.24 Comparison of measured curvatures and model-predicted curvatures
from constant heating testing of PneuSMA actuators. Solid curves
represent model prediction; discrete points represent measured curva-
tures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

3.25 Workspace comparison between PneuFLEX and PneuSMA actuators.
The bottom row shows the minimum and maximum curvature config-
urations within a pressure range of 0-60 kPa (0-8.7 psig). . . . . . . . 148

3.26 Demonstration of possible circuit design for independent current con-
trol in three segments of a nitinol spring using a single voltage source. 152

xiii



LIST OF TABLES

Page

2.1 Variable names and definitions. . . . . . . . . . . . . . . . . . . . . . 45

2.2 Curve fit functions for detwinning and resistivity profiles. . . . . . . . 67

3.1 Polynomial fits to Dragon Skin 10 FAST silicone mechanical test data. 110

3.2 Neo-Hookean hyperelasticity model parameters for Dragon Skin 10 sil-
icone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

3.3 PneuSMA and PneuFLEX sample dimensions. . . . . . . . . . . . . . 134

xiv



CHAPTER ONE

INTRODUCTION TO SOFT ROBOTICS

1.1 Motivation

With the steady advancement of robotics technology, autonomous solutions to

manufacturing, assembly, mining, and packaging have become increasingly prevalent

in the workplace. Robots are well-suited for repetitive tasks that require high speed

and strength without compromise of precision and reliability. However, industrial

robots are generally restricted to isolated environments due to their heavy, rigid

design and their potential to harm humans in their vicinity.

Recently, researchers have strived towards a new goal of creating robots that are

capable of collaborative operation alongside humans in less restricted environments.

This objective requires robots to have excellent response to uncertainty in order to

meet safety criteria and function in less predictable environments. With these as-

pirations, the field of soft robotics emerged, inspiring a surge of research over the

last two decades. The soft robotics approach has shifted the entire paradigm around

robot materials, structures, actuation, and control. Whereas traditional robots host

a variety of heavy, rigid components driven by high power motors, soft robots feature

soft materials such as gels, rubbers, and other elastomeric materials. The soft nature

of these materials enables conformation to ill-defined surfaces, distribution of impact
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forces, shock absorption, and other compliant behaviors that improve collision safety,

as reviewed by Kim et al. [85]. Soft robotics is a multi-faceted field encompassing

investigations on soft materials, morphological implications, and design/modeling

challenges [76]. Laschi and colleagues note that the pairing of creative actuation

strategies with the deformable nature of the soft materials enables soft robots with

squeezing, stretching, climbing, and morphing capabilities that are unachievable by

their rigid counterparts [90]. With the development of advanced soft materials, a new

realm of applications for robots has become arisen, including wearable rehabilitation

devices, soft grippers for fragile objects, prosthetics, and tools for minimally-invasive

surgical procedures [18, 71].

1.2 Biological inspiration

Many soft robot designs are inspired by biological examples seen in nature. Soft

tissue and musculature are the primary means of structure and actuation in many

adept creatures which demonstrate the potential for advanced capabilities in biologically-

inspired soft robots.

In natural hydrostatic mechanisms, fluid pressure gradients and geometric con-

straints control the configuration of a biological structure. Such mechanisms are seen

in muscular hydrostats such as the elephant trunk, the human tongue, squid tenta-

cles, and carnivorous plants such as the Venus flytrap. With their intelligent actua-

tion capabilities, these flexible structures can morph into a variety of configurations
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and exert substantial forces despite their lack of skeletal support [179, 134, 127, 30].

The working principles in muscular hydrostats—based on the pressure regulation be-

tween layers, muscle fiber arrangements, and fluid incompressibility—show particular

promise for soft robotics applications where achieving high-strength manipulations

with flexible materials is the main objective. Many research efforts have sought to

mimic these remarkable capabilities in soft robotic devices [89, 31, 116, 115, 93, 155].

Other biological feats such as worm locomotion, frog jumping, and intestinal peristal-

sis have also served as inspiration for biomimetic soft robots [40, 168, 88, 60, 85].

Although mimicking intricately-designed biological organisms is a lofty objective,

basic working principles from these adept plants and creatures can be incorporated

in simplistic soft robotic devices.

1.3 Actuation

Whereas traditional robots typically use actuators to drive discrete joints between

rigid links, soft robots form holistic actuator structures where actuation is distributed

throughout the structure. Soft robot actuator structures are often referred to as

continuum actuators. While the idea of continuous actuation promises improved

spatial resolution, traditional rigid actuators such as electric motors are not suitable

for these actuators. Kim et al. classifies approaches to continuous actuation in

three main categories: dielectric elastomer actuators (DEA’s), shape-memory alloy

actuators (SMA’s), and pressurized fluid actuators [85]. Numerous other approaches
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to soft robot actuation have been explored, including gel actuators, shape-memory

polymers, magnetic actuators, and fiber/yarn actuators as reviewed by Yang et al.

[198], but these mechanisms lie outside the focus of this work.

1.3.1 Dielectric elastomers

Dielectric elastomer actuators (DEA’s) are made up of a thin polymer film coated

with flexible electrodes on both sides. When a potential difference is applied across

the electrodes, the attraction between charges on electrodes causes a Maxwell stress

on the polymeric material which results in compression of the polymer in the thickness

direction. Since most dielectric polymers are nearly incompressible, the decrease in

thickness must be accompanied by a lateral expansion. This conversion from electrical

energy to mechanical energy has been harnessed in soft actuators capable of several

different types of motions. By varying the arrangement of electrodes and passive,

strain-limiting layers, contraction, twisting, expansion, bending, and gripping motions

can be achieved [200, 160]. Common dielectric materials include polyurethanes, sili-

cone, or acrylic elastomers, which offer intrinsic flexibility and biocompatibility [21].

Electrodes are usually made of carbon powder, graphite, or carbon grease [200, 67].

The dielectric effect can also be used to enable self-sensing through capacitive feed-

back signals [8]. Widespread usage of DEA’s is limited by low payload capacity, slow

response time, high voltage requirements, and susceptibility to dielectric breakdown

when charge leaks across the dielectric [33, 68].
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1.3.2 Shape-memory alloys

Shape-memory alloys (SMA’s) are a unique class of materials characterized by

their ability to recover substantial strain by thermal cycling. At low temperatures,

SMA’s are relatively soft and flexeible and can be easily deformed into a new shape

or length. When heated, SMA’s revert to their original shape due to a phase trans-

formation, and they recover any previous deformation, up to about 6-8% strain. This

effect, known as the shape-memory effect, can be used to deform structures and cause

desirable motions. In soft actuators, SMA wires or springs are often embedded in a

soft matrix material in some arrangement with eccentricity from the mid-plane. When

the wires are heated—usually via Joule heating—they contract, producing an out-

of-plane motion that can be bending or twisting depending on the arrangement and

activation sequence [182, 148, 80, 63, 91, 186, 74, 184]. When the wires are cooled,

the stiffness of the matrix or the addition of other biasing elements causes the SMA

wires to elongate, and the structure returns to its original configuration. Because the

SMA wires can be embedded in the soft robotics structure directly, the need for sep-

arate motors or drive trains is eliminated. Unfortunately, embedding the wires in an

insulative matrix causes slow heat transfer, so response time is a common challenge

in these configurations. Although SMA wires are limited to low strains, coiling the

wire into springs enables significantly larger stroke at the expense of some strength

reduction [84, 85, 21, 89, 156]. The most popular SMA materials include CuAlZn,
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NiTiCu, NiTiNb, and most commonly NiTi due to its superior memory and supere-

lasticity [29]. An in-depth explanation of SMA working principles and examples of

SMA applications are given in Chapter 2.

1.3.3 Fluidic actuators

Fluidic actuators use pressurized air or other fluid to deform soft structures. Pneu-

matic actuators are typically designed with fabric or fiber constraints that direct the

expansion in a particular direction to produce a desired motion [136, 181]. The well-

known McKibben actuators—also known as pneumatic artificial muscles (PAM’s)—

feature a braided sleeve placed over the pneumatic chamber that converts the radial

expansion to axial shortening upon inflation of the chamber [101, 87]. This contractile

behavior mimics the function of human muscles, and much effort has been devoted to

optimizing the weave angle for optimal force and stroke output [17, 175, 27]. Other

motions, such as bending, twisting, and extension can be achieved by varying the fiber

arrangement [5, 182, 162, 163]. Pneumatic bending actuators such as the PneuFLEX

actuator by Deimel and Brock typically involve a silicone tube with a tightly-spaced

circumferential fiber wrapping along the entire length of the tube [45, 59]. This con-

figuration, on its own, causes extension when inflated as the circumferential fibers

prevent radial expansion and direct the expansion in the axial direction. To induce

bending, a strain-limiting element—such as an inextensible fabric or fiber–is embed-

ded along one side of the tube such that only one side can elongate under an applied
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pressure. Similar bending behavior can be achieved via anisotropic rigidity or by

designing asymmetric cross sections where a thicker wall on one side serves as its

own strain limiting element without need of fiber or fabric constraints [72, 170, 42].

Others have incorporated bellows to reduce bending stiffness and direct the expan-

sion in a desired direction [145, 187, 49]. Fluidic actuation is a logical choice for

soft actuation as the media involved—typically air and silicone or other low den-

sity elastomers—are intrinsically lightweight, yet they can produce large forces and

displacements [189, 158, 181]. Fluidic actuators are subject to leaks and are gener-

ally limited by their inability to perform diverse manipulations without complicated

networks of supply tubing [85].

1.4 Medical applications

One of the major motivations for soft robotics research lies in the promising med-

ical applications of such devices. The idea of swapping traditional rigid instruments

with flexible actuators made of soft, elastic materials could significantly reduce the

risk of injury and discomfort in a variety of medical procedures [2, 178, 32]. The

necessity of ”compliance matching,” as coined by Majidi, is especially relevant in the

realm of medical devices where tools should closely match the stiffness of the tissue

they are in contact with to prevent damage [111]. De Greef and colleagues point out

three main areas of application where flexible medical instruments would prove ben-

eficial: minimally invasive surgery (MIS), endoluminal surgery, and catheterization
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procedures [42].

Minimally invasive surgery involves performing an operation through one or more

small incisions by inserting a camera and tools through a small opening rather than

cutting open an entire area [120]. The recent shift towards MIS techniques has signif-

icantly reduced trauma and recovery time for patients, but it has created a need for

flexible instruments that can bend to reach different target locations without requir-

ing multiple insertion points and hence additional incisions [14]. This is especially

important for procedures in the chest cavity where tools must pass between ribs [41].

Endoluminal surgery involves passing tools through natural orifices such as the

mouth, rectum, vagina, or ear canal to perform procedures such as dissection, su-

turing, or stapling [24]. These procedures allow internal organs to be accessed with

reduced invasiveness compared to laparoscopic techniques. Many conditions such

as gastric ulcers, gastro-esophageal reflux disease (GERD), gastro-intestinal tumors,

and ear canal fistula or cysts may be identified and treated with endoluminal proce-

dures [24]. Flexible instruments capable of snake-like motions are desirable for such

applications [140].

Degreef et al. and Ikuta et al. use the term, ”catheterization,” to refer to the

insertion of a thin tube into a vessel to diagnose and treat vascular system diseases

[42, 78]. This technique may be used to collect blood samples, inject dye for imaging

purposes, or treat blockages in the vascular network. Catheters are usually guided
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to the area of interest from an insertion point in a peripheral vessel in the arm

or leg. Traditional catheter devices use a guide-wire approach which enables some

steerability of the tip, but the remainder of the device remains passive which can

impose significant stress at branch locations as shown in Figure 1.1. Additionally,

Ikuta and colleagues point out that accessing remote locations with traditional guide-

wire catheters is difficult due to tight bends and branching of vessels, hence the need

for active soft catheters with improved maneuverability [78].

1.4.1 Terminology

The term, ”catheter,” is often used more broadly to describe any flexible device

guided through a small cavity, including urinary catheters, endoscopes, and any tools

used for endoluminal surgeries, as well as vascular catheters. In this dissertation, the

term, ”catheter” will be used in this broad sense, and the term, ”endoscopic,” will

refer to any procedure requiring navigation through a bodily channel, including both

endovascular and endoluminal procedures in the gastro-intestinal tract, urinary tract,

nasal cavity, ear canal, or vascular system.

1.4.2 Existing soft robotic catheter devices

Much effort has been devoted to the development of soft, flexible catheter devices

to meet the needs of today’s medical world. Whereas traditional, FDA-approved

devices such as the Invendoscopy colonoscope [66] rely on manual pushing for insertion
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(a) Tip-steerable catheter device.

(b) Total-steerable catheter device

Figure 1.1: Comparison of tip-steerable versus total-steerable catheter devices and
the resulting stress on tissue at branch points and sharp turns due to
passive design of tip-steerable devices.
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and only offer controlled bending at the tip, recent attempts with soft robotic catheter

devices have veered towards the goal of total-steerability, where bending may be

controlled at any point on the length of the snake-like device. The most common

approaches to soft robotic catheter devices involve modular assemblies of pneumatic-

or tendon-driven bendable segments.

Tendon-driven soft catheter devices include the MINIR robot by Kim et al. [86]

and the Meshworm robot by Bernth et al [16]. The MINIR robot was designed

specifically for endoscopic neurosurgery but could easily be applied more broadly

in the medical field. This device consists of four disks connected in series by in-

ner springs with opposing pairs of tendons used to induce bending in each of the

three segments between disks. The tendons are actuated by SMA springs, and a

continuous corrugated sheath encases the entire device with an outer diameter of

12.6 mm [86, 62]. The Meshworm robot is another example of tendon-driven flexible

catheter technology, in this case designed for colonoscopy. This earthworm-inspired

device is intended for peristaltic locomotion via anchoring, contracting, unanchor-

ing, etc. against the colon wall. The device features a polyester mesh exterior with

controllable bending/extension/contraction in three series segments. Opposing pairs

of tendons wrapped around small pulleys are driven by DC motors that cause the

desired peristaltic behavior [16, 62].

Influential fluidic soft catheter devices include the STIFF-FLOP soft robot by
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Cianchetti et al. [34] with improvements by Fras et al. [55], and the modular soft

manipulators by Gerboni et al. and Suzumori et al. [61, 171]. The design of the

STIFF-FLOP robot for MIS was inspired by the working principles of the octopus

arm. The initial design by Cianchetti et al. combines pneumatic actuation with gran-

ular jamming to enable both spatial maneuverabity and stiffness control. Bending is

controlled by inflating—and hence elongating—one of three pneumatic chambers ar-

ranged in a triad within a 32 mm corrugated sheath which limits radial expansion [62].

An 8 mm diameter core of coffee grounds sealed in a latex membrane runs through the

center of the device. Drawing a vacuum on the central chamber increases the stiffness

of the device as the particles bind together under the vacuum [34]. Fras and colleagues

later modified the STIFF-FLOP design, switching to cylindrical pneumatic chambers

and including a fiber wrapping on each individual chamber to eliminate the need

for an external sheath and its associated drawbacks. This modified design features

a reduced outer diameter of 14.5 mm [55]. Both STIFF-FLOP designs encompass

modular segments, each requiring four separate supply tubes to accommodate the

coffee particle-jamming core and the three pneumatic chambers. The modular soft

manipulators developed by Gerboni et al. and Suzumori et al. feature nearly iden-

tical designs to the STIFF-FLOP actuator, but exclude the particle-jamming core

and thus do not offer variable stiffness capabilities [171]. The Gerboni manipulator is

unique in that it includes a central fluidic distributor with miniature latching valves
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for each branching chamber [61]. While the latching valves eliminate the bulk of

numerous supply tubes running to each chamber from the base, including the valves

within device also consumes space and adds weight to the device.

A further review of seminal works similar to the proposed catheter design is pre-

sented in the introduction to Chapter 3.

1.5 Objective and contents overview

Ultimately, both the tendon- and pneumatic-based approaches are limited by the

same challenge: scalability. With each series segment requiring its own separate

supply tubes or tendons, longer, multi-segmented devices are infeasible within the

diameter constraint for endoscopic procedures. In addition to consuming space, fitting

numerous supply tubes within the device also increases the bending stiffness, thus

limiting the curvature capabilities. Routing separate tendons to each segment not

only produces a complicated network but also applies undesirable compression and

torque on proximal segments when tendons from distal segments are contracted [181].

The objective of the present work is to design a soft catheter device that is capable

of multi-segmented bending without requiring excessive tendons or supply tubes.

The design of the pneumatic/shape-memory alloy (PneuSMA) catheter features

a single, fiber-wrapped pneumatic chamber with pre-stretched SMA springs attached

along the sides, as shown in Figure 1.2. Selected segments of the SMA springs may be

heated to cause bending in any region of the device. Multiple segments in opposing
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Figure 1.2: Diagram of pneumatic/shape-memory alloy (PneuSMA) actuation ap-
proach for a soft, steerable catheter device.

Figure 1.3: Insertion of active, total-steerable PneuSMA catheter device into a
curved channel to reach a target location.
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SMA springs may be activated simultaneously to produce snake-like manipulations

through a tortuous lumen, as shown in Figure 1.3.

1.5.1 Summary of main contributions

The major contributions of the research presented in this dissertation are summa-

rized as follows:

• Development of a resistance-based mechanical model for nitinol springs to en-

able more feasible control of soft devices with embedded SMA’s. This model

relies on electrical resistance as a surrogate for temperature measurement to

eliminate the need for embedded temperature sensors and associated measure-

ment errors.

• Design of a hybrid soft actuation approach for soft catheter devices with im-

proved safety and maneuverability. The pneumatic/shape-memory alloy (PneuSMA)

actuation method allows for multi-directional bending along the length of the

device without need of numerous tendons or supply tubes.

• Development of a quasi-static analytical model to predict the configuration of

PneuSMA-actuated devices based on the input pressure and measured resis-

tance of the nitinol springs.
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1.5.2 Contents organization

The remainder of this dissertation begins with a comprehensive characterization

of nitinol springs in Chapter 2. An overview of shape-memory alloy applications and

existing modeling/control strategies are presented, along with a review of the under-

lying principles involved. A resistance-based mechanical model is developed based on

the spring mechanics and electrical properties of the nitinol. The experimental test

methods and results are also given to validate the proposed model, and the implica-

tions and applications of the resistance-based model are discussed in the conclusion of

Chapter 2. Chapter 3 focuses on the design and modeling of the PneuSMA catheter

device, beginning with a summary of existing pneumatic actuators and associated

modeling/control methods. The properties of the silicone material are measured

experimentally to account for geometry-specific behaviors. The application of the

resistance-based nitinol spring model to the pneuSMA actuator modeling is described,

and further extensions are made to account for device-specific nuances. A quasi-static

analytical model is developed for a single module of the PneuSMA catheter based on

the mechanical models from each constituent material. The PneuSMA actuator fab-

rication process is described, and experimental validation of the analytical model is

is conducted on several PneuSMA actuator variations. Implications of the PneuSMA

catheter design and model are discussed in the conclusion of Chapter 3. A review of

chapter-specific seminal works is included in the introduction to each chapter.
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CHAPTER TWO

ELECTRO-MECHANICAL CHARACTERIZATION OF NITINOL

SPRINGS

2.1 Abstract

The prevalence of shape memory alloy (SMA) actuators in robotics, aerospace,

and biomedical fields has continued to rise, yet the complex modeling and control

of such devices remains an obstacle to further democratization. Position control

methods for SMA actuators such as nitinol have been well studied using several ap-

proaches but most rely on feedback of one or more external variables such as force

or strain which can be difficult to measure, especially in small-scale or flexible de-

vices. Previous studies have shown that electrical resistance is strongly correlated

to the temperature, stress, and resulting phase transformations in SMA’s. Hence,

the electrical resistance can be used to monitor intrinsic microstructural changes

without requiring additional information about temperature and loading conditions.

This self-sensing feature has been utilized to enable position control via resistance

feedback in many simplistic devices, but these control schema are often based on

constant loading criteria, do not apply to the pseudo-plastic deformation region, or

only apply to straight wire geometries. This article presents a generalized resistance-

based mechanical model for nitinol springs that is normalized for application to other
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spring geometries. The proposed resistance-based model offers an extension from the

thermo-mechanical constitutive models by Brinson and An et al. with modifications

to eliminate temperature-dependence and to account for interactions between multi-

ple phases and variants in polycrystalline nitinol. Electro-mechanical testing of two

different nitinol springs is used both for characterization of detwinning behaviors and

associated resistivity profiles and for validation of the proposed model.

2.2 Introduction

Shape memory alloys (SMA’s) have been widely used in robotic devices, with

applications ranging from pinch valves to adaptive aerodynamics. Different alloy

compositions, most commonly including blends of copper, aluminum, nickel, and/or

titanium, offer different thermo-mechanical properties, but each exhibit the same

fundamental shape-memory effect and pseudo-elastic capabilities. Because of its bio-

compatibility, corrosion resistance, and desirable mechanical and electrical properties,

the most common choice of SMA is Nitinol, a blend of nearly equal parts nickel and

titanium [25]. This unique material can recover large pseudo-plastic strains at low

temperatures due to the shape-memory effect, and its pseudo-elastic properties at

high temperatures enable substantial force and displacement without accrual of per-

manent deformation.
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2.2.1 Applications of shape memory alloys

Many devices capitalize on the shape-memory effect for applications including

continuum robots, grippers, medical devices [12], seismic protection [102], and even

aerodynamic optimization. In robotic devices, nitinol wires or springs are often used

as an actuation mechanism. The shape-memory alloy wires or springs can be em-

bedded directly within a soft, deformable matrix, or positioned eccentrically around

a bendable spine. In such applications, activation causes the SMA wire or spring

to contract, inducing a desired motion. The thermal actuation is generally achieved

by passing an electrical current directly through the wire wherein heat is generated

due to the Joule heating effect. Shape-memory alloy actuators are often paired with

biasing elements such as steel mechanical springs to return the element to the original

configuration upon cooling and relaxing of the SMA [125]. This type of arrangement

has been employed to cause bending in continuum robots or catheter devices [63, 148],

deform a flat membrane in industrial vacuum grippers [123, 124], activate automo-

tive latches [144], or alternately pinch and release a section of tubing for flow control

[133]. In the aerodynamics field, SMA’s have been used to improve aerodynamic

performance by actively modifying the profile of aerodynamic features on aircraft

and various land vehicles [154, 70]. These types of morphing capabilities have been

achieved by using SMA wires to modify wing camber [197] or control the thickness

of flexible wing skins [141], or using SMA springs to discretely actuate various points
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on an airfoil [48]. Further applications of SMA’s have been reviewed by Hartl and

Lagoudas [70], Petrini and Migliavacca [135], Motzki and Seelecke [125], Barras and

Myers [12], and Sadashiva [105].

2.2.2 Existing nitinol models

Shape memory alloys are prized for their compactness and ideal mechanical prop-

erties which make them superior to alternative actuation mechanisms in many sce-

narios [130]. However, their complicated thermo-mechanical properties make them

difficult to implement and often limits their use to simplistic devices [70]. Much ef-

fort has been devoted to characterizing the mechanical properties of SMA’s based

on underlying thermodynamics, phase transformation kinetics, and microstructural

behaviors. Cissé et al. organized existing modeling approaches into microscopic,

micro-macro, and macroscopic categories based on the scale of the theories used in

each model [35]. Microscopic models analyze lattice or grain crystal behaviors such as

phase nucleation, interface motion, twinning, etc. using molecular dynamics or other

theories. Early microscopic models such as [51, 52, 11, 13, 1] are derived from energy

expressions, with later modifications presented in [94, 95, 96, 183, 47, 109, 185, 81].

These models capture important underlying principles, but are impractical to use

due to their computational cost and inconvenient modeling scale [35]. Micro-macro

models use micromechanics to explain the interaction of energy within the material

at the micro scale, then macroscopic implications arise from averaging the behavior of
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single grains and applying an appropriate scale transition. Commonly-used scale tran-

sition techniques include the Mori-Tanaka scheme [121], self-consistent schemes [132],

uniform stress scheme [203], and finite element methods [58]. Micro-macro modeling

approaches, demonstrated in [169, 73, 19, 151], often produce accurate simulations but

rely on many state variables and material parameters, incurring computational cost

and characterization challenges [35]. Macroscopic models seek to avoid the complex-

ity of small-scale models by focusing on phenomenological behaviors, considerable

simplification of micro-macro thermodynamics, or direct fits to experimental data.

These approaches offer the most practical solutions to modeling challenges and have

been the focus of most recent works.

Most macroscale models stem from the early work of Tanaka [172], who combined

mechanical and kinetic law to describe the behavior of polycrystalline SMA’s using

a temperature-dependent constitutive model. The Tanaka model was the first to

account for crystallographic structural changes using an internal state variable ξ to

represent the amount of each phase present in the material [102]. Liang and Rogers

[99] later revised the Tanaka model, representing ξ as a cosine function of temperature

and stress instead of the exponential function proposed by Tanaka. Both of these

models only apply to transformation from twinned martensite to austenite and vice

versa; they fail to account for the detwinning behavior responsible for the shape-

memory effect and pseudo-elasticity. This omission was later corrected by Brinson
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who modeled the detwinning behavior by splitting ξ into two separate state variables

to distinguish between temperature-induced (twinned) martensite and stress-induced

(detwinned) martensite [23, 22]. A slight modification to the Brinson model was

introduced by Chung et al. to prevent the occurrence of an inadmissible phase fraction

where ξ > 1 [28]. The Brinson model is widely accepted, although it is limited to

one dimension for application to simple straight wire SMA geometries. Most 3D

constitutive models are too complicated for practical engineering applications as they

require numerous parameters and advanced computations.

A significant factor in each of the major constitutive models is the description of

the elastic modulus evolution. The stiffness of SMA’s varies substantially with tem-

perature and subsequent phase change, so the elastic modulus cannot be considered

constant. Several functions for E(ξ) were suggested by Auricchio and Sacco for nitinol

alloys, based on the Mori-Tanaka scheme, Reuss scheme, and Voigt scheme [9]. The

Mori-Tanaka scheme analyzes the distribution of stress with elliptical inclusions of

martensite in an austenite matrix and vice versa; the Reuss scheme models nitinol as

a periodic composite; and the Voigt scheme models nitinol as a parallel combination

of marteniste and austenite, sharing the applied load. The Reuss scheme has proven

most experimentally valid, with the Voigt scheme providing an upper bound [9].
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2.2.3 Existing SMA control methods

Early SMA actuators rely on predictive modeling using on/off control with feed-

forward architectures. These open-loop control schema are sufficent for many 2-state

mechanisms such as valves, grippers, and bistable mechanisms, but they lack preci-

sion and robustness toward environmental perturbations and variable applied loads.

More advanced applications require feedback control to successfully compensate for

hysteresis effects and system disturbances [104]. Many PID controllers have been

implemented for position control of SMA-actuated devices. Ikuta groups these SMA

controllers into two groups: controllers with feedback of (1) external variables such

as force or position, or (2) internal state variables such as temperature or electrical

resistance [77]. Successful implementation of controllers from the first category have

been proven in [63, 165]. Teh et al. developed a two-loop control architecture for

simultaneous position and force control using two feedback variables [199]. Each of

these controllers relies on position and/or force feedback from embedded sensors such

as encoders, strain gauges, load cells, linear variable differential transformers, etc.

Unfortunately, integrating position or force sensors adds considerable mass, volume,

and complexity to otherwise light, simple devices. Additionally, SMA’s are often

embedded in a soft matrix to create intelligent material structures; measuring force

or strain in this configuration proves challenging [192]. Ikuta also points out that

the external variables feedback methods can cause overheating when loading fluctu-
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ations or temperature disturbances are present [77]. To avoid these drawbacks, some

researchers have incorporated temperature feedback into SMA control algorithms

[50, 82, 106, 149]. A comparison of position feedback versus temperature feedback for

SMA position control was conducted by Troisfontaine et al. [177]. The temperature

feedback approach is impractical due to dramatic hysteresis during phase transforma-

tion and the difficulty in obtaining precise temperature measurements [139, 26, 166].

2.2.4 Electrical resistance feedback

Using electrical resistance as a feedback variable has been proposed by several

researchers as a means of avoiding overheating, reducing hysteresis, and providing

robustness against variable ambient conditions [77, 167]. It has been shown that the

electrical resistance of SMA’s is closely correlated to temperature, stress, and resulting

phase transformations [3, 191, 159, 56, 129]. Crystallographic changes in SMA’s

can be caused by both temperature—which causes thermoelastic phase change—and

applied stress—which causes variant alignment according to lowest Schmidt factor

[3]. The electrical resistance of the alloy gives direct insight into the immediate

microstructure without requiring in-depth analysis of the underlying heat and stress

distributions. In SMA’s like nitinol with multiple transformations at overlapping

temperatures, monitoring the electrical resistance can help identify phase changes

and the sequence of transformations [3].

A linear relationship between resistance and strain has been observed with only

24



modest hysteresis during the temperature-induced phase transformation of straight

wire SMA’s at constant temperature and constant stress [104, 3, 191, 159, 39, 57].

The slope and intercept of this linear relationship changes with different temperatures

and applied loads. Additionally, the correlation between strain and resistance is

due in part to the change in cross-sectional area of the wire when stretched. The

relationship becomes nonlinear when other geometric configurations are employed

[159] or when temperature and/or stress are non-constant. When the R-phase—

an intermediate rhombohedral phase appearing in some nitinol alloys—is present,

significant complexity and nonlinearity is introduced to the resistance, but this phase

can be avoided by selecting appropriate treatment processes [129, 39].

Despite these limitations, the relationship between resistance and strain has been

exploited to enable self-sensing capabilities in many SMA-actuated devices, for exam-

ple [56, 92, 150, 69, 107]. In each of these applications, resistance feedback is used to

successfully achieve position control of an SMA actuator. However, these models are

limited as many lack consideration of hysteresis effects, lack geometric generalization,

do not apply to variable loads, or are based on experimental measurements unique to

a particular device. Lynch et al. addressed the issue of variable loads by developing

a family of linear curves for heating/cooling paths with coefficients defined by poly-

nomial functions of stress [104]. Lynch and colleagues successfully achieved position

control with varying loads and filled a significant gap in the literature, but their model
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is still limited to one particular wire geometry and requires feedback of applied stress

which can be difficult to measure in many practical applications. Although SMA’s

are frequently used in helical spring geometries, only a few studies have investigated

the electrical resistance trends in SMA springs [79, 46], and these studies are limited

to a particular device. There exists a need for a generalized resistance model for SMA

springs that accounts for variable loads and varying geometric parameters while in-

corporating only quantities that can be easily measured or obtained from material or

manufacturer data sheets.

2.2.5 Resistance-based nitinol spring model

Brinson’s one-dimensional thermo-mechanical model correlates the applied stress/strain

in Nitinol alloys based on the temperature and several material parameters, includ-

ing four critical transition temperatures, temperature-dependent moduli, and critical

stress parameters [23]. The relationship between Brinson’s constitutive model and

nitinol coil springs in the fully-autenitic and fully-martensitic phases is explained by

An et al. [7]. In the models of Brinson and An et al., the fundamental properties

that define the nonlinear behavior of shape memory Nitinol are the shear modulus

of austenitic Nitinol GA, the shear modulus of twinned martensitic Nitinol GM , and

the percentage of detwinned martensitic nitinol in the sample ξs. In the following,

the nitinol coil derivations of An and colleagues are presented and extended by (1)

adding a correction term for small spring index coils, (2) presenting an alternative
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formulation of the volume fraction of detwinned martensitic nitinol based on measure-

able parameters, and (3) using electrical resistance as a surrogate for temperature in

the model. These modifications allow for predictive modeling and position control of

nitinol springs of any geometry without need of temperature, force, or position mea-

surements. This simplification is particularly advantageous for soft robotics applica-

tions where loads are variable and the additional weight and complexity of embedded

force/position/temperature sensors is undesirable. While this paper includes all the

necessary equations and considerations for modeling nitinol springs based on their

electrical resistance, both Brinson and An et al. should be credited for the subtleties

and methodologies underpinning the proposed model.

Contents and layout

The remainder of this paper begins with a review of relevant principles underlying

nitinol phase transformations and electrical resistivity followed by presentation of the

spring mechanics model by An et al. with proposed modifications. The applica-

tion of Brinson’s thermo-mechanical model to helical springs by An et al. is then

presented along with several critical modifications and extensions for the resistance-

based model. Section 2.4 outlines the experimental setup and procedures for char-

acterizing the electro-mechanical properties of the nitinol springs and validating the

model with experimental results presented throughout. Section 2.4.6 discusses the

implications of the proposed resistance-based model with steps for application to new
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spring geometries or different alloys. Key findings are then summarized in Section

2.5.

2.3 Background and modeling

In order to describe the development of the resistance-based nitinol model, we

must first lay out the relevant underlying mechanical and electrical principles. We

begin by describing the microstructure and phase transformation properties of the

alloy, then describe the factors affecting the electrical resistance before presenting

the nitinol spring model developed by An et al. [7] and introducing the necessary

modifications to this model.

2.3.1 Nitinol phase transformations

The unique properties of nitinol, including the shape-memory effect and pseudo-

elasticity, are caused by changes in the crystal structure triggered by different tem-

perature and loading conditions, as shown in Figs. 2.1 and 2.2. At cold temperatures,

prior to applying stress, nitinol exists in the twinned martensite phase. This phase

consists of a monoclinic crystal structure with twin boundaries (mirrored interfaces

between atomic planes). As stress is applied to the twinned martensite, the bonds

stretch and the material deforms elastically (Figure 2.2 region 1).With further ap-

plication of stress, a detwinning process occurs where atomic planes are aligned into

an ordered monoclinic structure. This realignment causes a pseudo-plastic deforma-
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Figure 2.1: Nitinol phase transformations.

tion region as the stress/strain curve flattens during the detwinning process (Figure

2.2 region 2). Because the detwinned martensite is thermodynamically stable at low

temperatures, it does not ”re-twin” and follow the same path upon unloading, but

rather recovers only a small elastic strain. After detwinning, the unloading path

(Figure 2.2 region 4) follows a line roughly parallel to the elastic loading curve, re-

taining a pseudo-plastic strain of up to 6-8% (Figure 2.2 point 5). Unlike a true

plastic deformation, this residual strain can be recovered upon heating above a criti-

cal transformation temperature at which point the material assumes a cubic crystal

structure as it transforms to the high-temperature phase, austenite. This transfor-

mation occurs over a range of temperatures; it begins transforming at the austenite
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start temperature As and is completely austenitic when the austenite finish temper-

ature Af is reached. When martensitic Nitinol transforms to austenite, it returns to

its original, shape-set cubic crystal structure, regardless of whether the martensite

was previously deformed (detwinned). This attribute enables the shape-memory ef-

fect, allowing residual pseudo-plastic strains to be recovered when heated above the

transition temperature (Figure 2.2 region 6).

The high-temperature phase, austenite, has a much higher stiffness than the

martensite phase. When stress is applied to the austenitic nitinol, it follows a steep

elastic loading curve as the bonds are stretched (Figure 2.2 region 7). When a critical

stress is reached, detwinned martensite begins to form due to the applied stress (Fig-

ure 2.2 region 8). This phase is often referred to as stress-induced martensite, although

it is identical in structure to the detwinned martensite formed at low temperatures in

region 2 from Figure 2.2. However, the martensite phase is unstable at temperatures

above the transition temperature, so it reverts immediately back to austenite upon

unloading. As a result, the high temperature nitinol retraces the same path back

to zero strain when unloaded (Figure 2.2 regions 7 and 8). This effect is known as

pseudo-elasticity where the material can recover substantial strain—even beyond the

elastic limit—due to the reversible conversion between austenite and stress-induced

martensite. When cooled in the absence of stress, the austenite transforms back

to twinned martensite, beginning at the martensite start temperature Ms until the
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Figure 2.2: Stress/strain diagram of nitinol phase transformations.

martensite finish temperature Mf is reached. Although the transition between the

high- and low-temperature phases of nitinol is technically defined by four transition

temperature parameters (As, Af ,Ms, and Mf ) which form a hysteresis loop, these

critical temperatures are often lumped into a single transition temperature listed by

the manufacturer which represents the temperature at the center of the transforma-

tion hysteresis loop or the average temperature at which transformation occurs.

2.3.2 Electrical resistivity in metallic materials

In order to understand the relationship between temperature and resistance in

nitinol, one must first recall the fundamental mechanism by which electrical current

flows through metallic materials. In solid metals, cations are arranged in an organized
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crystal structure that is surrounded by a “sea” of electrons. Conduction occurs when

electrons travel from one side of the material to another; resistivity is the resistance

to the flow of electrons through the material.

As shown in Figure 2.3, several factors affect the resistivity of metallic materials,

including temperature, geometry, microstructure, plastic deformation, and elastic de-

formation. Increasing temperature causes the electrical resistivity to increase due to

increased electron-phonon scattering [100]. As heat is added to a metal, vibrations of

the atomic lattice intensify, thus increasing the number of collisions between phonons

and electrons, which reduces the mean free path for electron travel. The resistiv-

ity is inversely proportional to the cross-sectional area, so any decrease in geometric

parameters—such as thinning of a wire as it is stretched—cause the resistance to

increase. The microstructural arrangement of atoms certainly affects the resistiv-

ity. Most metals have only a single solid phase, but some unique materials—such as

iron, carbon, and shape memory alloys—can transition between multiple solid phases.

Crystal structures with regularly-spaced ions and straight channels offer direct path-

ways for electrons and thus promote conductivity, whereas zig-zagged structures have

tortuous electron pathways with higher resistance to electron flow due to lattice scat-

tering [152]. As plastic deformation occurs, the formation of dislocations further

obstructs the pathways for electron travel as lattice imperfections increase electron

scattering, causing increased resistivity with higher levels of plastic deformation. Fi-

32



Figure 2.3: Factors affecting nitinol resistivity.

nally, the stretching of chemical bonds during elastic deformation tends to cause a

slight increase in resistivity as the alignment of conductive pathways is disrupted.

When considering specifically a coiled shape-memory alloy such as Nitinol, some

of the above-mentioned factors are more significant than others. In a coiled geom-

etry, there is no significant change in cross-sectional area as the spring is stretched,

provided that it is not pulled to the point of becoming completely straight. Some

elastic deformation (bond stretching) does occur prior to the formation of detwinned

martensite, but this has minimal effect on the material’s resistivity. True plastic

deformation causes permanent damage to the material and is generally avoided by

placing stress or strain limits on the operating range. Temperature affects the elec-

trical resistance of the nitinol springs in two ways: (1) as mentioned before, added

heat increases vibration and collisions with electrons, causing a slight increase in re-

sistance, and (2) heating nitinol above its critical transition temperature instigates

a phase transformation from martensite to austenite. The latter causes a dramatic
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Figure 2.4: Helical spring coil parameters.

drop in resistance as the crystal structure changes from monoclinic to cubic upon

heating (or vice versa upon cooling below the transition temperature). The change in

microstructue between the three phases – twinned martensite, detwinned martensite,

and austenite – has the most prominent effect on resistivity variation and is thus the

primary focus of this analysis. The twinned martensite phase has the highest resistiv-

ity due to the twin boundaries between atomic planes; the austenite and detwinned

martensite phases have much lower resistivities.

The resistance R measured experimentally from a particular spring sample should

be normalized by dividing by the total length of wire L to obtain the resistivity

or resistance per unit length: ρ = R/L. The length of wire can be computed by

evaluating a single coil laid flat as shown on the right side of Figure 2.4. The length
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of a single coil is simply the hypotenuse of the triangle:

Lcoil =
√

(πD)2 + p2i , (2.1)

where pi is the initial pitch or distance between centers of consecutive coils. The total

length of wire is then found by multiplying by the number of coils n; hence,

ρ =
R

n
√

(πD)2 + p2i
(2.2)

can be used to normalize resistance measurements.

2.3.3 Helical spring mechanics for large deformation

Nitinol and other shape-memory alloys are used primarily in two geometries:

straight wire and helical springs. While straight wire is simple to form and sup-

ports higher loads, coiled geometries offer significantly higher stroke as a relatively

small material strain corresponds to a large spring strain. Nitinol springs are formed

by wrapping a straight wire tightly around a mandrel, then performing a heat treat-

ment procedure to set the shape in the desired coiled geometry. The shape-setting

heat treatment establishes the cubic crystal structure configuration that the alloy will

revert to—or ”remember”— each time it is heated above the transition temperature.
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Spring mechanics model by An et al.

While characterization studies on straight wire can be easily scaled for different wire

diameters, normalizing the force and strain in a spring requires more advanced analy-

sis of the spring geometry and internal forces/bending moments. Factors such as coil

angle and spring diameter reduction are typically neglected in standard mechanical

spring analysis as their effects are negligible at small strains. However, these factors

have substantial effects in SMA springs which can be designed for higher strains due

to their ability to recover pseudo-plastic strains up to 6-8%. An et al. included these

effects in [7] where the relationships between force/shear stress and coil angle/shear

strain are explored in detail. The equations developed by An et al. are presented

below, and the spring coil geometric parameters used for this analysis are shown in

Figure 2.4.

First, the spring elongation δ as a function of the coil angle α can be written as

δ(α) =
πnDi

cosαi
(sinα− sinαi), (2.3)

where n is the number of coils, Di is the initial mean spring diameter, and αi is the

initial coil angle. The spring force in the elastic region is then expressed in terms of

α as

F (α) =
πd4

8D2
i

G
cos2 αi(sinα− sinαi)

cos2 α
(
cos2 α + sin2 α/[1 + ν]

) , (2.4)
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where d is the spring wire diameter, and G and ν are the material’s shear modulus

and Poisson’s ratio, respectively. The commonly-accepted Poisson’s ratio for nitinol

is ν = 0.33 as reported by An et al [7]. Note that Eq. 2.4 only applies to the linear

elastic regions for either martensitic or austenitic nitinol. The shear stress is then

computed from the applied force using

τ(F ) =
F (α)Di

2
d
2

J
=

8CF (α)

πd2
, (2.5)

where C is the ratio of the coil diameter to wire diameter C = D/d, called the spring

index. Equation 2.5 accounts for the spring diameter reduction, but does not account

for the curvature effects and the force due to direct shear. A modification is proposed

later using the Wahl factor to improve the accuracy of this result.

The shear strain γ is expressed in terms of the spring index C, Poisson’s ratio ν,

and coil angle α as

γ(α) =
1

C

cos2 αi(sinα− sinαi)

cos2 α
(
cos2 α + sin2 α/[1 + ν]

) . (2.6)

Modification and extension of An spring model

As mentioned before, the An et al. model neglects the effects of curvature and direct

shear in the relationship between force and shear stress. A simple modification to Eq.

2.5 can be made by adding the Wahl correction factor W in the shear stress equation
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to account for the direct shear and curvature effects [180]:

W = 4C−1
4C−4 + 0.615

C
, (2.7)

τ(F ) = 8CWF (α)
πd2

, (2.8)

F (τ) = πd2τ
8CW

, (2.9)

where C is again the spring index. The effects of curvature on the shear stress become

nontrivial when the spring index is small [ref Mechanical Springs, Wahl, 1944]. This

is often the case in the design of SMA springs, especially for compact, high-force

applications, so the Wahl factor should not be neglected when converting spring force

to shear stress or vice-versa using Eqs. 2.8 and 2.9.

A second extension is made to the An et al. model in order to relate the material

shear strain with the spring strain. First, we relate the coil angle α to the spring

pitch p:

α(p) = tan−1
( p

2D

)
. (2.10)

The spring pitch can then be expressed in terms of the initial pitch pi and the spring

elongation δ or the spring strain ε:

p(δ) = pi + δ
n
, (2.11)

p(ε) = pi(1 + ε). (2.12)
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Combining Eqs. 2.10 and 2.12 gives the coil angle as a function of spring strain:

α(ε) = tan−1
( pi

2D
(1 + ε)

)
. (2.13)

Combining Eqs. 2.6 and 2.13 gives the following relationship between the spring

strain and material shear strain:

γ(ε) =
1

C

cos2 αi(sin[α(ε)])− sinαi)

cos2[α(ε)]
(
cos2[α(ε)] + sin2[α(ε)]/[1 + ν]

) , (2.14)

where the initial coil angle can be computed from the initial pitch pi or the initial

spring length L0 using the following equations:

αi = tan−1
(
pi
2D

)
, (2.15)

αi = tan−1
(
L0

2nD

)
. (2.16)

Thus, the shear strain as a function of spring strain can be simplified to

γ(ε) =
h
(
pi(1+ε)√

h
− pi√

hi

)
C hi

(
4D2

h
+

p2i (1+ε)
2

h(1+ν)

) , (2.17)
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where

h = 4D2 + p2i (1 + ε)2, (2.18)

hi = 4D2 + p2i . (2.19)

Using these modifications to the SMA spring model developed by An et al., the coil

angle α can be used to relate the spring force and spring strain with their normalized

counterparts shear stress and shear strain, respectively. Equations 2.8 and 2.17 can

be used to normalize the spring force and spring strain measured from a particular

geometry such that results may be applied to other spring geometries. Equation 2.9

and the reverse of Eq. 2.17 can then be used to compute the resulting spring force

and spring strain for a different geometry from a normalized model, provided that the

spring wire diameter and heat treatment are identical. These relationships are shown

in Figure 2.5 where the solid blue curves are computed according to the geometric

parameters from the springs used in the present experiments.

2.3.4 Nitinol spring force model

Brinson-An nitinol spring model

The Brinson thermomechanical model can be used to accurately describe the stress-

strain relationship for 1-dimensional loading of nitinol based on the underlying ther-

modynamics and phase transformation kinetics [23, 22]. An et al. extended the
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Figure 2.5: Conversion from geometry-specific spring strain and spring force to nor-
malized material shear strain and shear stress. Dotted and dashed lines
show the effects of different mandrel diameters with the same 0.25mm
wire diameter; different colors represent the effect of the initial spring
pitch (based on shape-setting)

Brinson model and applied it to Nitinol springs at the two extremes: fully austenitic

and fully martensitic nitinol. The model of Brinson and An et al. relies on the shear

modulus of the austenitic nitinol Ga, the shear modulus of the martensitic nitinol Gm,

the percent detwinned martensite ξs, the four critical transformation temperatures

As, Af ,Ms, and Mf , and several critical stresses defining the start and end of the

detwinning process in both the high- and low-temperature phases. The Brinson-An

model is presented below, followed by several modifications/extensions to account for

nonlinear formation of detwinned martensite from the austenite phase and incorpo-

rate resistance as a surrogate for temperature in the existing model.

A linear relationship is expected between the shear stress and shear strain within
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the range of elastic deformation. Thus, we can expect

τ = Gγ (2.20)

to hold true for small deformations, where the slope or shear modulus is dependent

on the temperature and hence phase, such that

τ = Gaγ T > Af (2.21)

τ = Gmγ T < Mf (2.22)

Departure from the linear elastic behavior occurs when the twinned martensite begins

detwinning at some critical stress. This nonlinear detwinning process is described by

An et al. by adding a second term to Eq. 2.22, which gives

τ = Gmγ −GmγLξs. (2.23)

Here the deviation from the linear elastic model is a function of the percentage of

detwinned martensite ξs. The parameter γL represents the maximum residual strain,

in other words, the maximum pseudo-plastic strain which can be achieved if the

martensite is 100% detwinned. The Brinson-An model only considers the linear elastic

region of the austenite phase, so Eq. 2.21 is used to model this linear behavior without
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need of a second term. However, many SMA devices operate beyond this range,

delving in to the pseudo-elastic region where the austenite converts to detwinned

martensite under sufficient stress. A modification is proposed in the following section

to account for the nonlinear formation of stress-induced martensite at temperatures

above Af .

An et al. express the percentage of detwinned martensite as a function of the

shear stress in the spring and the critical stresses at which point detwinning starts

and finishes:

ξs = f(τ, τ crs , τ
cr
f ). (2.24)

In most devices, however, the axial forces/shear stresses in the coils cannot be easily

measured or controlled. Instead, most control algorithms center around strain or

spring displacement as a control input. Given the sensory systems typically employed

in SMA devices, it makes sense to express this quantity in manner that is more easily

implemented. This proposed modification is discussed further in the following section.

Model modifications

The work presented by An et al. thoroughly outlines the application of the Brinson

model to SMA springs that are fully austenitic or fully martensitic [7, 23, 22]. While

this paper is useful for basic SMA spring selection, further extensions are needed to

model Nitinol springs in all regions of temperature/deformation using independent
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variables that can be easily measured and incorporated in feedback control algorithms.

These modifications are proposed in the following sections.

Distinction between martensite phases. First, the model by An et al. only

considers the case of 100% austenitic or 100% martensitic nitinol. While this simpli-

fication is sufficient for determining the stress-strain behavior at both extremes, the

behavior between these bounding curves significantly affects the response of many

SMA devices. Since the cycling time for SMA’s is notoriously slow, much time is

spent in this ”middle region,” even for devices designed to be used in the on/off

regions alone. Thus, it is worth characterizing the stress-strain behavior under con-

ditions that cuase the simultaneous existence of both the austenite and martensite

phases.

Shape-memory alloy constitutive models—such as those developed by Boyd and

Lagoudas [20], Liang and Rogers [99], and Brinson [23, 22]—rely on internal vari-

ables such as the martensite fraction ξ to characterize the phase transformation ki-

netics. These internal variables were first introduced by Tanaka and Nagaki [173].

Brinson proposed and justified the separation of the martensite fraction into two

components to distinguish between temperature-induced (twinned) martensite ξt and

stress-induced (detwinned) martensite ξs [23]. Still, at intermediate temperatures

where both martensite and austenite phases are present, the use of ξt and ξs fails to

distinguish between the detwinned martensite that is formed from austenite vs. that

44



Table 2.1: Variable names and definitions.

Variable Definition

ξ0 Fraction of nitinol that would be martensite if unstressed (temperature-dependent)
ξsm • Fraction of ξ0 that is detwinned due to applied stress (stress-dependent)
ξtm= 1−ξsm • Fraction of ξ0 that remains twinned (stress-dependent)

α0 = 1− ξ0 Fraction of nitinol that would be austenite if unstressed (temperature-dependent)
ξsa • Fraction of α0 that is converted to detwinned martensite due to applied

stress (stress-dependent)
αa = 1−ξsa • Fraction of α0 that remains austenitic (stress-dependent)

Gm Shear modulus of low-temperature nitinol (ξ0 = 1)
Ga Shear modulus of high-temperature nitinol (ξ0 = 0)

γL Maximum residual strain with fully detwinned martensite (ξ0ξsm = 1)

ρm Resistivity function for low-temperature nitinol (ξ0 = 1)
ρa Resistivity function for high-temperature nitinol (ξ0 = 0)

Pmt
Resistivity of twinned martensite phase (ξ0ξt = 1)

Pms
Resistivity of detwinned martensite phase (ξs = 1)

Pa Resistivity of austenite phase (α0α = 1)

which is formed by detwinning of the twinned martensite phase. Although these two

phases have exactly the same aligned monoclinic crystal structure, one is thermody-

namically unstable and reverts back to austenite when unloaded. For this reason, a

further distinction is proposed by introducing the internal variables ξsa and ξsm .

The variables used in the proposed model are described in Table 2.1. The onset

martensite volume fraction ξ0 represents the percentage of nitinol that would exist

in the martensite phase at a particular temperature under zero stress conditions.

The complement of ξ0 is the onset austenite fraction α0 = 1 − ξ0, which describes

the percentage of nitinol that would exist in the austenite phase at a particular

temperature under zero stress conditions. Note that α0 also includes any fraction of
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the material that has been converted to detwinned martensite due to applied stress.

For example, at temperatures above Af , ξ0 = 0 and α0 = 1. However, this does not

necessarily imply that the material is 100% austenitic as some amount of α0 may exist

as detwinned martensite, depending on the applied stress. The internal variables ξ0

and α0 then are functions of temperature alone. Meanwhile, the variables ξsa and α

represent the fraction of α0 that manifests as detwinned martensite (due to applied

stress) or remains austenitic, respectively. Similarly, the variables ξsm and ξt represent

the fraction of ξ0 that is detwinned (due to stress) or remains twinned, respectively.

Note that the internal variables ξsm , ξt, ξsa , and α have no temperature-dependence

but are solely functions of stress (or strain). Drawing these distinctions allows us to

more easily separate the effects of stress and temperature in the modeling process.

The proposed internal variables can be easily related back to the internal variables

ξ and ξs employed by Brinson using the following relationships:

ξs = ξ0ξsm + α0ξsa , (2.25)

ξt = ξ0ξtm , (2.26)

ξ = ξs + ξt = ξ0 + α0ξsa , (2.27)

α = α0αa. (2.28)

With the introduction of these internal variables, we can now express the temperature-
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dependence of the shear modulus according to the Voigt scheme by expressing G as

a function of ξ0:

G(ξ0) = ξ0Gm + [1− ξ0]Ga, (2.29)

where Gm and Ga are the respective shear moduli of the martensite phase and austen-

ite phase.

Inclusion of pseudo-elastic region. The second proposed modification to the

model by An et al. is the inclusion of the pseudo-elastic region. While An et al.

accounted for the detwinning of the martensitic nitinol, their model was limited to

the linear elastic region of the austenite phase. As a result, this model is limited to

relatively low loads and strains at high temperatures. To enable exploitation of the

pseudo-elastic region, we propose the addition of a term to the shear stress equation

that captures this nonlinearity. Similar to the nonlinear detwinning term in Eq. 2.23,

a second term added to Eq. 2.21 causes the necessary flattening of the stress-strain

curve as a function of the detwinned martensite fraction ξsa . Using the internal

variables established in Table 2.1, the shear stress at the two extreme temperatures

can be expressed as:

τcold = Gmγ − [GmγL]ξsm ξ0 = 1 (2.30)

τhot = Gaγ − [GaγL]ξsa ξ0 = 0, (2.31)
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where ξsm and ξsa are functions of shear strain γ.

Modeling at transitional temperatures Another extension to the Brinson-An

model is the inclusion of transitional temperatures in the stress-strain model. At

temperatures between Mf and Af , the martensite and austenite phases can coexist

as the material transitions from one phase to the other. While the An model fo-

cused exclusively on the extreme cases (100% austenite or 100% martensite), here a

phenomenological model is proposed to compute the stress-strain relationship at tran-

sitional temperatures by linearly interpolating between the bounding curves using ξ0

as the interpolation variable:

τ(ξ0) = ξ0τm + [1− ξ0]τa, (2.32)

τ(ξ0) = G(ξ0)︸ ︷︷ ︸
linear
elastic

− ξ0[GmγL]ξsm︸ ︷︷ ︸
nonlinear
martensite
detwinning

− [1− ξ0][GaγL]ξsa︸ ︷︷ ︸
nonlinear conversion
from austenite to

detwinned martensite

, (2.33)

where ξsm and ξsa are functions of shear strain, as discussed in the following section.

Note that substituting ξ0 = 1 and ξ0 = 0 in Eq. 2.33 yields the same results as Eqs.

2.30 and 2.31 for the cases of 100% martensite and 100% austenite, respectively.

Percent detwinned martensite from shear strain. Another important mod-

ification to the Brinson-An model is made to represent the detwinned martensite

fractions ξsm and ξsa as functions of shear strain. In the Brinson-An model, the per-
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centage of detwinned martensite is defined as a function of critical stresses and the

current stress, as shown in Eq. 2.24 [7]. However, these fractions can alternatively be

defined as a function of the shear strain by rearranging Eqs. 2.30 and 2.31 to solve

for the detwinned martensite fractions formed from martensite and from austenite,

respectively:

ξsm = Gmγcold−τcold
GmγL

, (2.34)

ξsa = Gaγhot−τhot
GaγL

. (2.35)

By collecting shear stress versus shear strain data at both a low temperature (below

Mf ) and a high temperature (above Af ), these functions can be determined for a

particular nitinol alloy. Experimental results and sigmoidal fits to ξsm and ξsa for two

different alloys are presented in the experimental results section.

Martensite fraction from resistivity. The last and most significant extension

to the Brinson-An model is the incorporation of electrical resistivity as a surrogate

for temperature. Brinson’s model relies heavily on temperature for the phase trans-

formation kinetics. Temperature is the main driving force behind the transformation

between martensite and austenite phases and thus plays an important role in nitinol

constitutive models. However, changes in electrical resistivity also evidence changes

between phases.
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Nitinol has a different electrical resistivity in each of the three phases—twinned

martensite, detwinned martensite, and austenite. The resistivities in these phases are

denoted as Pmt , Pms , and Pa, respectively. While other factors such as temperature

and elastic deformation can affect resistivity within any of the three phases, these

other factors are relatively minor—less than 6% compared to the dramatic effects of

phase changes. Thus, we consider these values to be constant, such that any change

in resistance is attributed to a phase change.

In the previous section, we showed how ξsm(γ) and ξsa(γ) could be obtained from

mechanical testing at two extreme temperatures. If resistance is also measured during

these tests, the resistivity as a function of percent detwinned martensite can also be

determined for both extremes, such that

ρ = ρm(ξs) ξ0 = 1 (2.36)

ρ = ρa(ξs) ξ0 = 0, (2.37)

where ρm(ξs) is sigmoidal and ρa(ξs) is linear. By interpolating between these two

curves, a surface is obtained that represents the resistivity of the nitinol as a function

of ξ0 and ξs, as shown in Figure 2.6.

A linear interpolation between these two curves would take the form

ρ(ξ0, ξs) = ξ0ρm(ξs) + [1− ξ0]ρa(ξs). (2.38)
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Figure 2.6: Resistivity variation between phases.

Or, since ξs are functions of γ, we can write the linear interpolation as

ρ(ξ0, γ) = ξ0ρm(ξsm(γ)) + [1− ξ0]ρa(ξsa(γ)). (2.39)

However, in reality, the resistivity does not scale linearly with ξ0 between the two

bounding curves. When multiple phases are present, the different crystal structures

interact at boundary layers in an unpredictable manner. In some cases, good align-

ment of atomic planes may preserve electron pathways across a boundary between

two phases. In other cases, the interaction between phases may result in severe mis-

alignment that causes the electrical resistance to spike.
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In this work, we propose an interpolation function A(ξ0, γ) that accounts for this

phenomenological interaction between the electrical resistivity of multiple phases. A

is a power law function of ξ0 and becomes linear as γ → γmax. Using A, we can

rewrite Eq. 2.39 as

ρ(ξ0, γ) = A(ξ0, γ)ρm(ξsm(γ)) + [1− A(ξ0, γ)]ρa(ξsa(γ)), (2.40)

where the interpolation function A takes the form

A(ξ0, γ) = ξ
a+[1−a][γ/γmax]b
0 , (2.41)

and γmax is the shear strain corresponding to ξs = 1. Note that the interpolation

function A satisfies the following conditions:

A(0, 0) = 0, (2.42)

A(1, 0) = 1, (2.43)

A(ξ0, γmax) = ξ0, (2.44)

A(ξ0, 0) = ξa0 . (2.45)

The constants a and b are determined using a least squares fit to shear stress versus

shear strain data measured at an intermediate temperature where ξ0 6= 0 and ξ0 6= 1.
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The values of a and b, optimized from two different nitinol alloys, are presented in

the experimental results section.

The onset martensite fraction ξ0 can then be determined directly from the resis-

tivity and shear strain by rearranging Eq. 2.40

A(ρ, γ) =
ρ− ρa(ξsa(γ))

ρm(ξsm(γ))− ρa(ξsa(γ))
(2.46)

to solve for A, then converting A to ξ0 by reversing Eq. 2.41:

ξ0(A, γ) = A(a+[1−a][γ/γmax]b)−1

. (2.47)

Alternatively, Eqs. 2.46 and 2.47 can be combined to solve for ξ0 directly using

ξ0(ρ, γ) =

[
ρ− ρa(ξsa(γ))

ρm(ξsm(γ))− ρa(ξsa(γ))

](a+[1−a][γ/γmax]b)
−1

. (2.48)

Note that temperature is not included in Eq. 2.48. Although ξ0 is strongly correlated

to temperature, it can be determined entirely from resistivity and shear strain.

Finally, combining Eqs. 2.33 and 2.48 gives the relationship between shear stress

and shear strain for any resistivity:

τ(ρ, γ) = G
(
ξ0(ρ, γ)

)
− ξ0(ρ, γ)

[
GmγL

]
ξsm(γ)−

[
1− ξ0(ρ, γ)

][
GaγL

]
ξsa(γ), (2.49)
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where G, ξ0, ξsm , and ξsa are found from Eqs. 2.29, 2.48, 2.34, and 2.35, respectively.

2.4 Characterization from measured data

The model proposed in the previous section relies on several experimentally-

determined functions and parameters, including the detwinning and resistance profiles

at both a high and a low temperature, as well as the interpolation parameters that

describe the interaction between phases in the overall resistivity at transitional tem-

peratures. By observing the behavior at both extremes (ξ0 = 0 and ξ0 = 1), the

behavior at intermediate temperatures can be determined if the resistivity is known.

The procedure for measuring these profiles and parameters is outlined in the sections

below, with results presented in normalized form such that they may be applied to

springs of different geometries without having to repeat the characterization process

described below.

2.4.1 Experimental setup

Characterizing the thermo-electro-mechanical properties of nitinol springs requires

a robust experimental setup capable of simultaneously measuring and controlling the

temperature, resistance, force, and elongation of the springs.

To measure the mechanical properties, the springs were mounted on a Mark 10

Test Stand fitted with a 25N force gauge. The springs were fixed to the test stand

using copper hooks that fit snugly inside the first few coils on each end, as shown in
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(a) Insertion of copper wire. (b) Placement of Molex crimp. (c) Formation of copper hooks

Figure 2.7: Process of mounting nitinol springs on copper hooks using Molex
crimp terminals to connect electrical wires.

Figure 2.7. The number of active coils is then counted between hooks. The Mark 10

Test Stand allows for control of the travel and strain rate while measuring force and

travel simultaneously.

Measuring the temperature of a thin nitinol wire is nontrivial. Traditional tem-

perature sensors such as thermistors, thermocouples, and resistance thermal detectors

(RTD’s) are typically soldered or mounted with an adhesive directly onto the object

whose temperature is to be monitored. Due to the thick oxide layer formed on the

surface of the Nitinol where exposed to air, it is nearly impossible to solder or adhere

a temperature sensor to the surface of the nitinol springs, especially with the small-

scale geometry used in these experiments. Infrared (IR) temperature sensors are an

alternative option that does not require constant contact with the nitinol. However,

care must be taken to ensure that the IR sensor is focused on the coils themselves,

not to the left or right or through gaps in the coils. For these experiments, an IR

temperature sensor was mounted to the base of the test stand, pointed at an angle
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Figure 2.8: Experiment setup for electro-mechanical testing of nitinol springs.

towards the spring, as shown in Figure 2.8. This mounting angle ensures that the

coils appeared overlapped from the perspective of the sensor, even when the spring

is stretched and gaps are formed between coils.

The most complicated aspect of the experimental setup is the resistance measure-

ment and heating control. An Arduino Mega microcontroller was used to integrate

the temperature sensor and resistance measurement circuitry, with the wiring connec-

tions shown in Figure 2.9. First, a voltage regulator (LM2941) was used to control the

current through the coils via pulse width modulation (PWM). This device supplies

whatever voltage is needed to the ”OUT” pin such that a constant current determined

56



by VADJ/Rset flows through the Nitinol spring. This current can be scaled via PWM

input to the ”ON/OFF” pin of the LM2941. Since the voltage at the ”ADJ” pin

is constant, measuring the voltage from the ”OUT” pin gives the resistance of the

nitinol spring from Ohm’s Law:

Rn =
VOUT − VADJ

I
=
VOUT − VADJ
VADJ/Rset

. (2.50)

For the size and length of springs tested, resistance measurements fall on the order

of 3.9± 0.4Ω which causes VOUT to vary only slightly, with values between ∼ 2.7 and

3.1 V. In order to measure such small voltage changes, an INA 125 amplifier was

connected between VOUT and an offset reference voltage Vref from a simple voltage

divider. The amplifier gain was set using a resistor between pins 8 and 9 on the

amplifier to maximize the 5V analog range of the microcontroller. External power

supplies were used to power both the amplifier and voltage regulator as the Arduino

Mega cannot supply sufficient power to heat the springs.

Note that the resistance connot be measured without at least a small current

flowing through the nitinol spring. Thus, the duty cycle for heating the coils can

never be quite zero. A small trickle current during cooling mode does not significantly

slow the cooling process, but a fan is used to help counteract this effect and speed

the cooling process.
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Figure 2.9: Circuit diagram for heating and measuring temperature/resistance of
nitinol springs.
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2.4.2 Methods

The goal of the experiments conducted was to characterize the thermo-electro-

mechanical properties of nitinol springs and develop/validate a phenomenological

model based on electrical resistance. Tests were conducted on two different nitinol

alloys from Kellog’s Research Labs with the same spring geometry: wire diameter

d = 0.25mm, mandrel diameter Dm = 0.9mm, and tight pitch pi = 0.269mm. The

transition temperatures of the two alloys were listed as 35◦ C and 45◦ by the manu-

facturer; the critical temperatures Mf ,Ms, As, and Af were unknown. Although only

a single spring geometry was tested, the results were normalized such that they may

be applied to any spring and wire geometry provided that the same alloy composition

and heat processing are maintained.

The springs were first held at a fixed length to observe the effects of temperature

(and thus phase change) on the resistance of the coils. Next, mechanical tests were

conducted on the springs at room temperature while the resistance was monitored.

These tests reveal the martensite detwinning profile and the resistivity during this

transformation. The same tests were repeated at the highest possible temperature

(100% duty cycle) to reveal the austenite to detwinned martensite transformation

profile and the associated resistivity. Finally, a PID controller was used to control

the heating rate on the coils in order to hold them at constant resistivity during

the mechanical testing process. These tests give information about the mechanical
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behavior of the springs at intermediate temperatures, and they are used to validate

the proposed model.

Each of the mechanical tests followed the same loading pattern, cyclically stretch-

ing and relaxing the spring according to the following spring strain sequence: 0%→

115%→ 0%→ 230%→ 0%→ 345%→ 0%→ 460%→ 0%→ 575%→ 0%→ 575%.

At high temperatures, the springs were only stretched up to 345% spring strain so as

to prevent permanent damage. These testing processes and results are described in

more detail in the following sections.

The proposed model for predicting shear stress as a function of shear strain at

each resistivity is then compared with the experimental data using the mean absolute

error (MAE) and relative percent difference (RPD) to evaluate the goodness of fit.

These error metrics are calculated using the following equations:

MAE =
1

n

n∑
i=1

|τdatai − τmodeli|, (2.51)

RPD =

∑n
i=1(τdatai − τmodeli)∑n

i=1
1
2

(|τdatai |+ |τmodeli |)
, (2.52)

where n is the number of data points. Note that the relative percent difference is

calculated from the difference between the model and experimental data divided by

the average magnitude. This quantity is similar to the relative percent error, but is

calculated in a way that eliminates divide-by-zero errors.
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Figure 2.10: Isometric measurements of resistance vs. temperature in two different
Nitinol springs.

2.4.3 Temperature-resistance relationship

The temperature-resistance relationship was observed by holding the springs at a

fixed length in the test stand while heating them to 60◦C, then cooling them with a

fan back to room temperature. These tests were repeated three times at four different

spring lengths: L0, 1.5L0, 2L0, and 2.5L0, which correspond to material shear strains

of γ = 0, 0.0125, 0.0255, and 0.0390.

The measured temperature-resistance profiles for each alloy are shown in Figure

2.10. These plots show a sharp drop in resistivity as the nitinol is heated and transi-

tions from martensite to austenite. Following the transformation to austenite, there

is a slight increase in resistance as additional heat is added. This slight increase in re-

sistance can be attributed to increased lattice vibrations and collisions with electrons.
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However, this effect is minor—especially in the practical temperature range—relative

to the substantial change in resistance caused by the phase transformation. The 35◦C

wire resistivity drops by 2.5 Ω/m between 20 and 30◦C due to the phase transforma-

tion. Further heating up to 40◦C only increases the resistivity by 0.14 Ω/m. Similarly

in the 45◦C wire, the resistivity drops by 3.5 Ω/m between 22 and 34◦C during the

phase transformation. Further heating up to 45◦C increases the resistivity by 0.20

Ω/m. In both wires, this increase in resistivity due to temperature is less than 6%

compared to the drop in resistivity due to phase change.

No significant differences were seen between the heating and cooling paths. How-

ever, there is a noticeable flattening of the contour as strain is increased. At zero

strain, the resistance drops, then turns a sharp corner becoming abruptly flat follow-

ing the transformation to austenite. At the higher strain tests, this corner becomes

more and more rounded. This feature becomes important when we model the me-

chanical behavior at intermediate temperatures.

2.4.4 Strain-resistance relationship

The resistance of nitinol is not only a function of temperature, but also depends on

strain. Just as an increase in temperature causes a phase transformation from marten-

site to austenite, so an increase in strain (caused by an applied stress) causes a phase

transformation from twinned martensite to detwinned martensite or from austenite to

detwinned martensite, depending on the temperature. Figure 2.11 shows the gradual
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(a) 35◦C transition temperature (b) 45◦C transition temperature

Figure 2.11: Isothermal measurements of resistance vs. strain at room temperature
in two different nitinol springs.
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Figure 2.12: Conversion from twinned to detwinned martensite as a function of
shear strain from room temperature test where ξ0 is assumed to be
one (pure martensite when γ = 0).

drop in resistivity during an increasing cyclic tensile test. As the twinned marten-

site accumulates psuedo-plastic deformation—caused by martensite detwinning—the

resistivity gradually falls off. To quantify the effects of strain on the electrical resis-

tance, we first evaluate the detwinning profile to determine the percent detwinned

martensite as a function of shear strain.

A spring of each alloy was tested under the specified increasing cyclic load in

the test stand, up to 575% spring strain. This test was conducted at both room
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Figure 2.13: Conversion from austenite to detwinned martensite as a function of
shear strain from highest temperature test where ξ0 is assumed to be
zero (pure austenite when γ = 0).
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temperature (no heating) and at maximum temperature (100% duty cycle heating).

We assume that the nitinol was 100% martensitic during the room temperature test

and 100% austenitic at the start of the high-temperature test. Using Eqs. 2.34 and

2.35, we can then plot the detwinned martensite fraction as a function of shear strain

for each alloy at both the hot and cold temperatures. These detwinning profiles are

shown on the left-hand side of Figs. 2.12 and 2.13. Generalized logistic sigmoid and

algebraic sigmoid curves were fit to the detwinning profiles from the low- and high-

temperature tests, respectively. The resistivity versus percent detwinned martensite

from the same tests are also shown in Figs. 2.12 and 2.13 on the right-hand side.

Algebraic sigmoid and linear functions were fit to resistivity curves from both the

low- and high-temperature tests, respectively. These function types were chosen as

they track best with the experimental data. The function form and parameters for

these curve fits are shown in Table 2.2.

2.4.5 Isoresistive mechanical tests

To characterize the mechanical behavior of the nitinol springs at intermediate

temperatures, mechanical tests were conducted at seven different resistivities ranging

from ρmax, corresponding to the resistivity at room temperature where the nitinol

is 100% martensitic, to ρmin which corresponds to 100% austenitic nitinol at the

maximum attainable temperature with constant heating at 100% duty cycle. a PID

controller was used to control the heating rate such that a constant resistance was

66



Table 2.2: Curve fit functions for detwinning and resistivity profiles.

Function Function Curve Fit Curve Fit
Type Form Parameters Parameters

35◦C Alloy 45◦C Alloy

Gen. ξsm(γ) =
[
1 + e−β1γ−β2

]β3
β1 = 21.9987 β1 = 18.9749

Logistic β2 = 2.8458 β2 = 3.7937
Sigmoid β3 = 90.5096 β3 = 155.2259

Algebraic ξsa(γ) = 1
2

[
1 + k1γ+k2

(1+|k1γ+k2|k3 )1/k3

]
k1 = 12.6422 k1 = 15.5459

Sigmoid k2 = −1.6532 k2 = −1.7322
k3 = 8.0373 k3 = 13.9375

Algebraic ρm(ξsm) = ρ+ 1
2ρspan

[
k1ξsm+k2

(1+|k1ξsm+k2|k3 )1/k3

]
ρ = 18.8697Ω/m ρ = 18.9763Ω/m

Sigmoid ρspan = 2.1034Ω/m ρspan = 3.1742Ω/m
k1 = −2.2045 k1 = −2.0476
k2 = 1.7241 k2 = 1.1748
k3 = 7.2000 k3 = 3.4851

Linear ρa(ξsa) = α1 + α2ξsa α1 = 65.1884Ω/m α1 = 64.9255Ω/m
α2 = 1.5648Ω/m α2 = −0.5693Ω/m

nth root ξ0(A, γ) = A(a+[1−a][γ/γmax]
b)

−1

γmax = 0.195 γmax = 0.195
a = 7.8613 a = 7.9280
b = 0.6906 b = 0.8488
a = 7.8947 a = 7.8947

b = 0.7697 b = 0.7697
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maintained throughout the cyclic mechanical tests. The measured shear stress versus

shear strain from each resistance setpoint is shown in Figure 2.14, where the color

mapping indicates the resistivity at each point along the curves.

Note that controlling the resistance to constant value does not imply constant

temperature. As the springs are stretched during mechanical testing, the resistance

naturally approaches Pms as detwinned martensite is formed. For example, to hold

the spring at an intermediate resistance value requires some heating at the beginning

of the tests to bring the resistance down to the setpoint; however, as the spring is

stretched and begins forming detwinned martensite, this phase transformation brings

the resistance down, so the controller stops heating to bring the resistance back

up to the setpoint. Thus, the temperature may vary substantially throughout the

mechanical testing process as it is used to compensate for changes in resistance due

to the formation of detwinned martensite.

Another important feature to note is that constant resistance cannot always be

maintained throughout the mechanical tests. This is because the resistivity necessar-

ily approaches Pms at high strains where ξs approaches 1. Thus, at high strains, no

amount of heating or cooling can cause significant deviation from Pms . This behavior

is seen in Figure 2.15 which shows the measured resistivity during the loading paths

from the isoresistive mechanical tests. While the resistivity in each subplot begins at

the setpoint value, it always approaches Pms at high strains as ξs approaches 1.
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(a) 35◦C transition temperature

(b) 45◦C transition temperature

Figure 2.14: Measurements of shear stress versus shear strain at constant resistance
in two different Nitinol springs.
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Figure 2.15: Measurements of resistivity during loading from isoresistive tests in
two different Nitinol springs.
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Using the phase fraction interpolation function proposed in the modeling section,

the phase fractions are computed from the shear strain and electrical resistivity using

Eqs. 2.48, 2.25, 2.26, 2.27, and 2.28. These phase fractions calculated from the

loading portions of the isoresistive mechanical tests are shown in Figure 2.16.

After calculating the phase fraction ξ0 from the resistivity ρ, the shear stress as

a function of shear strain can be calculated using Eq. 2.33. This shear stress model

is plotted alongside the loading data from the isoresistive mechanical tests in Figure

2.17. The interpolation function parameters for Eqs. 2.47, 2.41, and 2.48 were found

by minimizing the residuals in the model fit to the loading data from the intermediate

resistance tests. The same values of a and b in the interpolation function were used

to interpolate between the low- and high-temperature data from both alloys. These

interpolation function parameters are listed in Table 2.2.

As seen in Figure 2.17, the proposed model based on electrical resistivity shows

good agreement with the experimental data for both alloys. The mean absolute error

(MAE) and relative percent difference (RPD) were calculated from the shear stress

versus shear strain data from each isoresistive test individually and again for the

entire series of tests from each alloy. The overall relative percent difference between

the experimental data and the model fit for the 35◦C and 45◦C alloys were 9.6% and

12.4%, respectively.
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Figure 2.16: Phase fraction evolution during isoresistive testing of two different niti-
nol springs.
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Figure 2.17: Model fit to loading data from two different nitinol springs.
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Figure 2.18: Families of isoresistive loading curves for two different nitinol springs.

2.4.6 Model implications

Using the resistance-based model developed in this work, families of isoresistive

stress-strain curves can be generated, as shown in Figure 2.18. These curves enable

observation of the nitinol’s behavior at intermediate temperatures based on its elec-

trical resistance. If the resistivity is known, the model can predict the loading path

that will be followed. Similarly, a surface can be generated from the model to show

the loading path for all resistivity values, as shown in Figure 2.19. Note that the

domain of these surfaces is limited by the bounding curves ρm(γ) and ρa(γ), thus

excluding resistivity values that are impossible to achieve at high strains.

The following paragraphs outline steps for applying the resistance-based model to

different spring geometries and/or different SMA’s or nitinol alloys.
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(a) 35◦C transition temperature (b) 45◦C transition temperature

Figure 2.19: Loading surface as a function of resistivity for two different nitinol
springs.

Extending to different spring geometries

The model developed in this work can easily be applied to any spring geometry if

the same alloy composition and heat treatment are used. To predict the force-strain

relationship for a 35◦C or 45◦C transition temperature nitinol alloy with a new spring

geometry, the functions for ξsm(γ), ξsa(γ), ρm(ξsm), ρa(ξsa), and ξ0(A, γ) determined

from these experiments (presented in Table 2.2) may be directly used. These functions

can be used to compute the martensite fraction and relate the shear stress and shear

strain during loading at any given resistivity, according to Eq. 2.49. Equation 2.9

and the reverse of Eq. 2.17 can then be used to convert the normalized shear stress

and shear strain to find the actual spring force and corresponding spring strain for

any spring geometry.
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Extending to different nitinol alloys

Applying the resistance-based model to different nitinol alloys requires some experi-

mental characterization on the new alloy as varying the composition affects both the

transition temperature and the resistivity of each phase. Still, not every test need

be repeated. The process for applying the model to springs of a new nitinol alloy

simply requires running tensile tests on the springs at a low temperature (below Mf )

and a high temperature (above Af ) while monitoring the resistance of the coils. The

measured force and spring strain can then be converted to shear stress and shear

strain using Eqs. 2.8 and 2.17. The detwinned martensite fraction from each test

can then be plotted against the shear strain using Eqs. 2.34 and 2.35. The measured

resistance should be normalized using Eq. 2.2 then plotted for each test against the

detwinned martensite fraction. The detwinning and resistivity profiles should follow

the same sigmoidal and linear patterns observed in the 35◦C and 45◦C alloys, so the

curve fit functions for ξsm(γ), ξsa(γ), ρm(ξsm), and ρa(ξsa) from Table 2.2 can be fit

to the measured data with appropriate new curve fit parameters. The interpolation

function ξ0(A, γ) was used with the same averaged fit parameters a and b from Table

2.2 for both the 35◦C and 45◦C alloys in this work and produced good agreement

between the model and experimental data for τ versus γ. These parameters would

likely hold true for other nitinol alloys, especially those with transition temperatures

within 10-20 C◦ of those tested in this work.
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Extending to different SMA’s

When applying the resistance-based model to other, non-nitinol shape-memory alloys,

the same procedure described in the previous paragraph should be followed to char-

acterize the detwinning and resistivity profiles at both extremes (100% martensite

and 100% austenite). However, the interactions between phases and resulting effects

on electrical resistivity in other SMA’s may not follow the same pattern observed in

the nitinol material. Thus, the interpolation function ξ0(A, γ) may have an entirely

different form or noticeably different fit parameters. To determine the form of this

function, at least one additional mechanical test should be conducted at an interme-

diate temperature where ξ0 6= 0 and ξ0 6= 1. Once the interpolation function has been

determined, the model can be applied as usual to predict the shear stress and shear

strain relationship for any resistivity within the allowable range.

2.5 Conclusions and future work

In this paper, a resistance-based mechanical model for the stress-strain behavior of

nitinol springs was presented. The proposed model successfully captures the variation

in elastic stiffness and detwinning behaviors at both extreme and intermediate tem-

peratures where martensite and austenite phases coexist. Although the mechanical

properties of nitinol are highly temperature-dependent, we found that the stress-

strain paths can be determined from the electrical resistance alone, without knowing
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the temperature.

The resistance-based model stems from Brinson’s thermo-mechanical model, which

was adapted by An et al. to apply to SMA springs in fully-austenitic or fully-

martensitic states. The Brinson-An model was modified and extended in this work

to broaden its applicability and simplify its expression. The modifications/extensions

made to the Brinson-An model are as follows:

• The Wahl correction factor was included to account for curvature effects in

springs with small spring indices.

• Terms were added to the shear stress equation to account for nonlinear de-

twinning of martensite and nonlinear formation of detwinned martensite from

austenite—both of which occur outside the linear elastic regions.

• The martensite fraction was expressed as a function of resistance and strain

rather than temperature, critical stresses, and current stress which are difficult

to measure.

• An interpolation function was presented to model the nonlinear effects of in-

teraction between multiple phases/variants on the overall electrical resistance.

This function allows the phase fraction to be computed directly from resistance.

With these modifications, the model can be applied to springs of various geometries

in any temperature and strain region without direct knowledge of temperature or
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internal stresses.

The model was validated against data from electro-mechanical testing of two niti-

nol springs with different transition temperatures: 35◦C and 45◦C. A series of isoresis-

tive stress-strain curves were obtained from increasing cyclical loading of the springs

while appropriate Joule heating or convective cooling was used to maintain constant

resistance. Data from the room temperature tests (maximum resistance) and the

maximum temperature tests (minimum resistance) were used to determined the de-

twinning profiles and resistivity profiles in the fully-martensitic and fully-austenitic

states. The phase fractions could then be determined at intermediate temperatures

using a power law interpolation function. Hence, the stress-strain behavior at inter-

mediate temperatures can be obtained from the electrical resistance alone.

This model may be used for nitinol position control with electrical resistance

feedback in a variaty of SMA-actuated devices. While most existing SMA resistance

models require input of temperature and applied stress, the resistance-based model

relies solely on resistance feedback. This feature shows particular promise for micro-

robot and soft robot applications where embedding additional sensors is impractical

due to their relative size, weight, and complexity. It is possible that other functions

may replace or improve upon the power law interpolation function presented in this

paper. As more alloys are tested, a more generalized interpolation function may be

developed. Nevertheless, the results of this study prove the feasibility of modeling
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the stress-strain behavior of nitinol springs based on electrical resistance alone.
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CHAPTER THREE

PNEUSMA ACTUATOR DESIGN AND MODELING

3.1 Abstract

The surge in soft robotics research in recent years has encouraged the development

of many soft actuation systems to enable high dexterity and maneuverability in soft,

flexible devices. The motivation for such devices stems largely from the medical field

where the potential to replace traditional, rigid instruments with more flexible, ma-

neuverable devices could significantly improve safety and accessibility for endoluminal

and endovascular procedures. Among the most common soft actuation methods is

pneumatic actuation where pressurized air is used to deform a soft device with the

deformation mode predetermined by the geometric anisotropy of the device. Standard

pneumatic actuators offer limited maneuverability on their own as each pneumatic

chamber can only perform a simple bending, twisting, elongation, or contraction mo-

tion. Improved maneuverability can be realized by combining multiple pneumatic

actuators in series and parallel combinations, but these arrangements require compli-

cated networks of supply tubing to control each pneumatic chamber independently.

In this chapter, a novel, hybrid pneumatic/shape-memory alloy (PneuSMA) actua-

tion method is proposed where multi-directional bending can be achieved throughout

the entire length of the actuator with a single pneumatic chamber. The resistance-
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based mechanical model from the previous chapter is used to describe the forces in

the SMA springs which are incorporated in a quasi-static analytical model for the

PneuSMA actuator. Characterization of the silicone’s geometry-specific mechanical

properties is also conducted in this chapter with results incorporated in the analyt-

ical model. Comparison of the analytical model with experimental curvatures from

several variations of the PneuSMA actuator confirms the viability of predicting the

configuration of PneuSMA actuator devices based on the input pressure and SMA

spring resistivities.

3.2 Introduction

Soft robotics is a trending research field that seeks to enable functional robotic

manipulations using soft, elastic materials that can easily deform upon impact to

prevent damage of delicate objects/surroundings. The last two decades have seen

enormous advancements in the materials and actuation mechanisms involved in soft

robotic devices. State-of-the-art soft robots capable of grasping, squeezing, jumping,

peristalsis, and snake-like manipulations have been demonstrated in [85, 112, 190, 176,

38, 181, 131]. These features lend themselves particularly well to medical applications

where their compliant nature can reduce risks of puncturing or damaging sensitive

organs and other tissue during various medical procedures [198, 2, 178, 32].

There is a need for highly-maneuverable flexible devices for endoscopic medi-

cal procedures which require navigation through various lumens or vasculature to
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treat conditions such as gastric lesions, colorectal polyps, or atherosclerosis [78, 42].

Whereas traditional catheters and endoscopes rely on manual pushing to advance a

tip-steerable device, improved steerability throughout the entire length of a flexible

instrument would help prevent incomplete or painful procedures [113]. Various ap-

proaches to soft actuation for flexible catheter/endoscope devices have been explored,

the most prominent mechanisms being pneumatic- and tendon-driven actuation [62].

A review of tendon-driven catheter devices was given in Chapter 1; the remainder of

this section will focus on pneumatic soft actuators.

3.2.1 Pneumatic soft actuators

Pneumatic soft actuators typically consist of one or more elastomeric pneumatic

chambers where some form of anisotropy causes bending, twisting, extension, or con-

traction with pressurization [194]. Bending actuators are the most suitable for stan-

dalone steerable medical devices as steerability is primarily achieved through bending

motions. The bending of pneumatic soft actuators is accomplished through asymmet-

ric geometry, usually realized by inflatable voids along one side [193, 65], combina-

tions of multiple materials with different stiffness properties [170, 103], or asymmetric

arrangements of inextensible fibers [137, 36]. Two common approaches include Pne-

uNET actuators where a network of serial chambers are inflated to cause extension on

one side while the other side maintains its original length [122, 158]; and PneuFLEX

actuators which feature a double helical fiber wrapping to prevent radial expansion
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and a strain-limiting fiber or fabric along one side to induce bending upon inflation

[45, 44, 119].

Each of these approaches are limited as they can only bend in one prescribed direc-

tions, and they lack the ability to perform more diverse manipulations [45, 44]. Some

attempts at pneumatic actuators with multi-directional bending capabilities have

been explored. Most commonly, directional control is achieved using a parallel triad

arrangement of bellows actuators [83, 202, 49, 196], contractile pneumatic actuators

[195], or extensional pneumatic actuators [143, 201, 171]. These arrangements offer

three degrees of freedom (pitch, yaw, stretch) as pressurizing any one of the cham-

bers on its own causes bending while simultaneous activation of all three chambers

causes elongation [194]. Other novel approaches include combined tendon/pneumatic

actuation [146, 126, 161, 108] or tendon-driven deformation of pre-charged pneumatic

chambers [98, 97]. Each of these methods can successfully achieve multi-directional

bending in a single pneumatic actuator, but these designs are impractical for larger

scale systems as connecting multiple actuation modules in series would require an im-

practical number of supply tubes or tendons to independently control each segment.

3.2.2 SMA’s in soft actuators

Shape-memory alloys (SMA’s) are often used as standalone actuators, but they

can also be incorporated in soft actuators to provide intrinsic deformation capabil-

ities in soft robotic structures. Examples similar to the proposed work include the
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flexible artificial muscle by Taniguchi and the inflatable, tendon-driven actuator by

Maghooa et al [174, 108]. Taniguchi’s artificial muscle includes two opposing SMA

springs encased in a sealed chamber. Bending in either direction is achieved by heat-

ing/contracting one of the SMA springs. The pneumatic component is used to speed

the cooling of the SMA springs and hence improve the response time of the device

[174]. The inflatable, tendon-driven actuator by Maghooa and colleagues features a

triad arrangement of SMA springs in a sealed chamber to enable multi-directional

bending while the pneumatic chambers may be pressurized to enable peristaltic mo-

tion [108].

3.2.3 PneuSMA actuator design

The PneuSMA actuator combines the advantageous features of both pneumatic

soft actuators and SMA actuators in a single device with improved maneuverability

compared to simple fiber-reinforced pneumatic bending actuators [6]. The PneuSMA

actuator consists of a thin silicone tube with pre-stretched SMA springs placed along

the sides of the tube as shown in Figure 3.1 (a). A tightly-spaced circumferential

wrapping of polyester thread secures the SMA springs to the actuator and prevents

radial expansion with inflation. Heating any particular region of one of the SMA

springs causes bending in that region due to the uneven forces between the hot and

cold springs on opposite sides. Pressurization of the tube can further increase the

curvature or cause the actuator to straighten slightly, depending on the SMA spring
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(a) Closeup diagram of PneuSMA actuator with two opposing
SMA springs.

(b) Illustration of bend angle and
curvature variation in
PneuSMA actuator.

Figure 3.1: PneuSMA actuator design and bending capabilities.

arrangement and activation states. Varying the pressure has relatively minor effects

on the curvature and is primarily used to prevent tube buckling and enable indepen-

dent stiffness control.

As shown in Figure 3.1 (b), the curvature and bend angle of the actuator can

be controlled by adjusting the heating rate and hence the contraction of the nitinol

springs. Figure 3.2 shows some of the many configurations that can be achieved

by heating select regions of the nitinol springs to cause multi-segmented bending.

While simple fiber-reinforced bending actuators can only exhibit continuous, uniform

bending in a single direction, the PneuSMA actuator can bend in multiple directions

with independent control of different segments with a single pneumatic chamber.
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Figure 3.2: Illustration of various PneuSMA actuator configurations achievable by
heating select regions of nitinol springs.

This prevents the need for the numerous supply tubes that would be required for

fiber-reinforced bending actuators with multiple series segments, each with their own

pneumatic cavities. Also note that the springs can be arranged in a triad arrangement

or with alternating segments of springs in 90◦ offset planes to enable three-dimensional

bending.

3.2.4 Soft actuator modeling/control methods

Polygerinos and colleagues point out that a lack of robust modeling for multi-

material pneumatic actuators limits the potential promised by empirical approaches

[138]. The complicated nature of hyperelastic materials and geometric configurations

results in nonlinear response to applied pressure/activation which makes predictive

modeling a challenge. Many pneumatic actuators can be modeled using a piecewise

87



constant curvature (PCC) assumption which involves modeling segments as a series of

tangent curves with constant curvature in each segment [188, 194]. While this approx-

imation is reasonable for most cases when inertial effects are minimal, the application

of external loads and consideration of gravitational effects can cause significant devi-

ations from true constant curvature deformations [43, 64, 128]. Nevertheless, variable

curvature models add significant complexity, and the PCC approach is often sufficient

for lightweight devices [10, 110, 75, 157, 164]. Polygerinos et al. presented a quasi-

static modeling approach for simple fiber-reinforced bending actuators based on the

PCC assumption [138]; this model serves as a foundation for the PneuSMA actuator

model developed in the present work.

Contents and layout

The remainder of this chapter begins with a review of the fundamental principles

underpinning the behavior of each material in the PneuSMA actuator. The mechan-

ical properties of each material are discussed, and material characterization studies

are presented in Section 3.4, including characterization methods for silicone buck-

ling and nitinol residual strain. The analytical model for the PneuSMA actuator is

then developed in Section 3.5, based on the material models presented in Section 3.4.

Section 3.6 explains the process for fabricating PneuSMA actuators for experimental

testing. The experimental setup and PneuSMA test samples are described in Section

3.7, followed by a comparison of the experimental results with the analytical model
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in the same section. Implications of the analytical model as well as an overview of

the next steps are provided in Sections 3.8 and 3.9, respectively.

3.3 Background

Before delving into specific modeling strategies for the PneuSMA actuator, it is

necessary to understand the fundamental behaviors of each material involved. The

following sections provide an overview of the unique properties of nitinol and silicone

materials.

3.3.1 Properties of nitinol material

Nitinol is a metal alloy consisting of roughly equal parts of nickel and titanium.

Nitinol is renowned primarily for its shape-memory and super-elastic capabilities

which are enabled by transformations between different crystal structures and variant

orientations within the solid phase. At high temperatures, above the critical transi-

tion temperature, nitinol takes on a cubic crystal structure called the austenite phase.

Austenitic nitinol has a relatively high stiffness with elastic modulus around 11× 106

psi [118]. When austenitic nitinol is cooled below the transition temperature, it trans-

forms to a monoclinic crystal structure called martensite. In the absense of stress,

the martensitic phase contains multiple self-accommodating variants and twins due

to differing habit plane indices between grains. This multivariant martensite phase

is referred to as twinned martensite and has a significantly lower stiffness than the
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austenite parent phase with an elastic modulus of about 4 × 106 psi [118]. When

stress is applied to the twinned martensite phase, the atomic planes begin to rear-

range, eventually converting to a single variant with sufficient stress application. This

unique process is known as detwinning. During this process, the monoclinic ctystal

structure is preserved; the variants simply align based on the axis of loading. Upon

unloading, the variants do not revert back to twinned martensite but maintain their

new orientations, which causes substantial psuedo-plastic strain to be sustained after

unloading. However, since the atomic bonds were not broken in the detwinning pro-

cess, the material reverts to austenite and returns to its original shape when heated

above the transition temperature. This feature is responsible for the shape-memory

effect which allows significant pseudo-plastic strains (up to 6-8%) to be recovered with

thermal cycling.

A similar conversion to detwinned martensite also occurs in the austenite phase

at high temperatures. When austenitic nitinol is stressed beyond a threshold, it

begins converting to single variant detwinned martensite, and the stress-strain curve

begins to plateau. However, no plastic strain is incurred as the martensite phase is

thermodynamically unstable at high temperatures and immediately reverts back to

austenite when the load is removed. This reversible formation of detwinned martensite

from austenite at high temperatures is responsible for nitinol’s prized super-elastic

behavior. The transition temperature and default configuration can be set by tuning
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the alloy composition and selecting appropriate heat treatment processes.

Straight wire versus spring geometry

With the exception of occasional truss structures [4, 142] and lithographic thin

films [15, 147], nitinol is used almost exclusively in two geometries: straight-drawn

wire and helical springs. Straight wire is often preferred for its availability, low cost,

high strength, compactness, and simplicity for modeling. However, the coiled geom-

etry offers several advantages that make it preferable for many applications. Nitinol

springs can be used in both tension and compression, and they provide significantly

larger stroke than straight wire which is limited to 6-8 % recoverable strain.

Some manufacturers offer pre-made nitinol springs in a few select sizes, but users

can create more sizes and pitch customization by shape-setting their own springs

from straight nitinol wire. The shape setting process for helical springs involves

wrapping the nitinol wire tightly around a heat-tolerant mandrel with the desired coil

spacing. The clamped assembly is then placed in a furnace at ∼500◦C for ∼5 minutes

then cooled via water quench. Varying the shape-setting temperature, duration, and

cooling conditions affects the transition temperature, peak force, and resistance to

permanent deformation.
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Mechanical Modeling and resistance feedback approach

The mechanical properties of nitinol are highly temperature-dependent due to

the thermoelastic phase change that occurs over the transition temperature region.

Several different approaches for modeling the thermomechanical behavior of nitinol

have been developed, for example [1, 11, 13, 19, 51, 52, 73, 99, 102, 151, 169, 172],

which characterize the stress-strain behavior based on temperature and phase trans-

formation kinetics using microscopic, macroscopic, or mixed modeling methods [35].

Perhaps the most well-known is the one-dimensional thermomechanical constitutive

model by Brinson which relies on temperature- and stress-dependent phase fractions

to compute the strain in straight nitinol wire given the applied stress and several

critical stress and transition temperature parameters [23]. In the previous chapter,

several important modifications to the Brinson model were presented in order to re-

place the temperature dependence with electrical resistance and extend the model

for application to helical spring geometries. The resistance-based mechanical model

uses resistance measurement to monitor the internal phase transformation behavior

and compute the resulting stress-strain relationship for any spring geometry. While a

linear relationship between strain and resistance has been observed in straight nitinol

wire [3, 191, 39, 159, 57], the coiled geometry causes significant nonlinearity that is

not addressed in other works. The resistance-based model developed in the previous

chapter bridges this gap and allows for modeling the mechanical behavior of nitinol
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springs using more convenient variables that be measured in an actual soft robotic

device.

In many soft robotic devices, including the PnueSMA actuator, measuring the

temperature and/or force in the SMA springs is impractical due to space/weight lim-

itations, nonuniform heating, transient response, and the need to maintain simplicity

and flexibility. Thus, the use of resistance-based mechanical modeling for SMA’s

in such devices shows great promise. In order to apply the resistance-based model

to soft robotic devices such as the PneuSMA actuator—where the springs may be

pre-strained, loaded, relaxed, heated, and cooled in any order to reach a desired

configuration—both loading and unloading conditions must be accounted for in the

SMA model, including the pseudo-plastic deformation and residual strain responsible

for the shape-memory effect. The resistance-based model developed in the previ-

ous chapter applies only to loading from zero pre-strain but can easily be extended

for application to unloading and reloading after accruing pseudo-plastic deformation.

These extensions to the resistance-based nitinol mechanical model are described in

section 3.4.1.

3.3.2 Properties of silicone material

Silicone rubber is a popular choice for soft robotic actuators due to its flexibility,

durability, temperature-resistance, and biocompatibility. Silicone is an elastomeric

polymer containing silicon, carbon, hydrogen, and oxygen. Before curing, silicone is
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a viscous liquid or gel. The curing process for generally involves an addition reaction

where mixture with a complex catalyst causes the formation of ethyl bridges that

convert the silicone to a solid. Silicones are available in a variety of hardness categories

from Shore A 25-90, and are often formed by casting or injection molding.

Silicones are classified as hyperelastic materials as they can undergo large elastic

deformations and the relationship between stress and strain can be derived from a

strain energy density function. Several different hyperelasticity models—including

Mooney–Rivlin, Yeoh, Neo–Hookean, Ogden, Humphrey, and Veronda–Westmann—

are used to describe the stress as a function of principle stretches [117]. Different

models provide better accuracy in different strain regions; an appropriate model is

generally selected based on the anticipated range of operating strains.

Hyperelasticity model parameters for various elastomers have been reported in

the literature, based on the assumptions of incompressibility and isotropy [37, 193,

153]. These parameters can be used to model the behavior of silicone rubber in

tension, but they generally do not apply to stresses/strains under compression. In

the PneuSMA actuator, the silicone tube is primarily in tension due to the positive

internal pressure, but when heated, the nitinol springs contract and place regions of

the silicone under compression. Strong activation of the nitinol springs paired with

low internal pressure can also cause buckling of the silicone material. The behavior

of the silicone material under compression and with buckling must be accounted
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for when modeling the PneuSMA actuator. In section 3.4.2, a characterization of

the tension/compression/buckling behavior of the Dragon Skin 10 FAST silicone is

presented for incorporation in the PneuSMA analytical model.

3.4 Experimental characterization of constituent materials

Developing an accurate model for the PneuSMA actuator requires robust charac-

terization of the materials involved. Extensive characterization of nitinol springs was

conducted in the previous chapter, but further analysis to account for accumulation

and recover of residual strain is presented in this section. Although the hyper-elastic

properties of silicone materials have been well-studied, there are geometry-specific

aspects—such as the buckling force and stress state in the fiber-reinforced tube—

that require further study. The characterizations of the nitinol springs and silicone

material for application to the modeling of the PneuSMA actuator are presented in

this section.

3.4.1 Nitiol spring characterization

In the previous chapter, a resistance-based mechanical model was developed for

nitinol springs. The resistance-based nitinol model is capable of computing the rela-

tionship between spring force and spring strain for any spring dimensions, given the

electrical resistivity of the nitinol material. Figure 3.3 shows a family of stress-strain

curves generated by the resistance-based nitinol spring model from the previous chap-
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Figure 3.3: Isoresistive stress-strain curves generated by resistance-based model
from the previous chapter for 35◦C nitinol springs.

ter. It should be noted that this model does not account for the residual strain accrued

when psuedo-plastic strain is accumulated upon loading and then unloading at low

temperatures. In the PneuSMA actuator, the nitinol springs are pre-strained before

being attached to the actuator, so the residual strain plays an imporant role in the

spring forces acting in the actuator. In this section, a simple function for the residual

strain is presented along with a linear model for the loading from a pre-strained state.

Accounting for residual strain and unloading behavior

The residual strain that remains after load removal is due to the stress-induced

detwinning of the twinned martensite phase. After unloading, the detwinned marten-
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Figure 3.4: Residual strain as a function of pre-strain for 100% martensitic nitinol
springs.

site does not ”re-twin,” so it does not return back to zero strain, but maintains some

residual strain. At high temperatures, there is no residual strain as the detwinned

martensite is not thermodynamically stable. Thus, when austenitic nitinol is loaded

and then unloaded, the detwinned martensite reverts immediately back to austenite

and no residual strain is sustained.

The residual strain can be modeled as a simple function of the onset martensite

fraction ξ0 and the pre-strain γp. The isoresistive mechanical test data for the 35C

nitinol springs from the previous chapter show some residual strain in the low tem-

perature (high resistance) tests. In the first isoresistive test, the onset martensite

fraction is assumed to be one, and the maximum residual strain is observed. Isoresis-

tive tests at higher temperatures have lower residual strains as ξ0 is no longer one, and
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conversion to austenite causes some recovery of residual strain. Figure 3.4 shows the

residual strain in the 100% martensite springs as a function of the pre-strain γp. The

circular data points were extracted from the first isoresistive test at room temperature

where ξ0 was assumed to be one. For example, when the spring was stretched to γp =

0.1924 then released, it maintained a residual strain of γR = 0.089. An error function

sigmoid was fit to these data points such that the relationship between residual strain

and pre-strain in the 100% martensitic nitinol can be expressed as

γRmax(γp) = 0.065 + 0.065erf(10.32γp + 1.57), (3.1)

where the subscript max on the γR term denotes the fact that this function only

applies to the case of 100% martensitic nitinol (ξ0 = 1). As the martensite fraction

decreases, some of the residual strain is recovered. Hence, the residual strain is a

function of both γp and ξ0.

Any slight presence of austenite causes a sharp decrease in the residual strain,

as evidenced by the isoresistive test data from the previous chapter. For this work,

a simple exponential function was used to describe the relationship between ξ0 and

γR. The exponential function parameters were found by selecting the best fit to the

isoresistive mechanical test data from the previous chapter. The residual strain can
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then be calculated from the function

γR(ξ0, γp) = γRmax(γp)e
5(ξ0−1). (3.2)

As shown in Figure 3.5, this function accounts for the effects of both the martensite

fraction and the amount of pre-strain causing the residual strain.

The unloading and reloading of martensitic nitinol after a pre-strain follows a

nearly linear path, parallel to the elastic loading curve until this linear curve intersects

the zero pre-strain loading curve. This intersection point is denoted by γi. The

stress-strain curve for any martensite fraction ξ0 and residual strain γR can then be

computed with a piecewise function that accounts for the linear elastic region as well
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as the nonlinear region at higher strains:

τ(ξ0, γR) = G(ξ0)(γ − γR), γ < γi

τ(ξ0, γR) = G(ξ0)− ξ0[GmγL]ξsm(γ)− [1− ξ0][GaγL]ξsa(γ), γ > γi (3.3)

where G(ξ0) is defined according to the Voigt scheme as

G(ξ0) = ξ0Gm + [1− ξ0]Ga, (3.4)

and the detwinning profiles ξsm(γ) and ξsa(γ) are defined in the previous chapter.

By combining the residual strain function with the mechanical model from the pre-

vious chapter, the loading/unloading curves can be plotted as a function of the onset

martensite fraction ξ0 as shown in Figure 3.6.

The onset martensite fraction ξ0 can be obtained from the shear strain and the

electrical resistivity of the nitinol. As outlined in the previous chapter, the onset

martensite fraction is given by

ξ0(ρ, γ) =

[
ρ− ρa(ξsa(γ))

ρm(ξsm(γ))− ρa(ξsa(γ))

](a+[1−a][γ/γmax]b)
−1

, (3.5)

with parameters a and b defined in the previous chapter.

To compute the actual spring force exerted at a given spring strain, the spring
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strain ε can be converted to a material shear strain using the geometric relationships

from the previous chapter. This spring strain, along with the measured electrical

resistivity ρ can be substituted into Eq. 3.5 to obtain the onset martensite fraction.

The onset martensite fraction, paired with the residual strain, can be used to calculate

the shear stress in the nitinol, according to Eq. 3.3. Finally, the shear stress can be

used to calculate the nitinol spring force using the equation

FN(τ) =
πd2τ

8CW
, (3.6)

with parameters explained in the previous chapter.

Recovery of residual strain with heating/cooling

Since the nitinol springs are pre-strained to γp = 0.1924 before being attached

to the PneuSMA actuators, they begin with a residual strain of γR = 0.089, which

corresponds to 300% spring strain. Thus, the initial heating and/or loading of the

nitinol springs follows the black curves from Figure 3.6 which represent loading at

different temperatures after an initial pre-strain of 0.1924.

It is important to note that heating the nitinol springs causes some of this inital

residual strain to be recovered. For example, a PneuSMA actuator spring that is

heated from ξ0 = 1 to ξ0 = 0.4 will transition between the black curves from Figure

3.6, also shown on the left side of Figure 3.7. When ξ0 = 0.4 is reached, most of the
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Figure 3.6: Stress-strain curves generated from Eq. 3.3 for various pre-strains at
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initial residual strain is recovered, leaving only 0.0049 residual strain, based on the

residual strain function from Eq. 3.2, as shown in the leftmost curve in Figure 3.7. If

the spring is then cooled, it does not revert to its original residual strain but instead

resumes from its new residual strain of 0.0049 as it transitions from the ξ0 = 0.4 to

ξ0 = 1 curves on the right side of Figure 3.7. This residual strain recovery must be

accounted for in the modeling of the PneuSMA actuator.

3.4.2 Silicone characterization

As mentioned previously, various hyperelasticity models have been fit to experi-

mental tension data from different silicone materials [114, 117]. While these hypere-
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lasticity model parameters are readily available, they do not apply under compressive

loadings. Thus, experimental characterization of the Dragon Skin 10 FAST silicone

was conducted in this work. Each test was conducted using a Mark10 test stand to

stretch/compress the samples and monitor the force throughout the tests.

Silicone mechanical test methods

Five different types of mechanical tests were conducted on the Smooth-OnTM

Dragon Skin 10 FAST silicone to capture every aspect of its deformation behavior.

First, standard uniaxial tension tests were conducted on thin dog bone samples and

repeated with 5 different identical test specimens. Samples were cast with dimen-

sions in accordance with the ASTM D412 standard for tensile testing of elastomeric

materials [54], and the gauge length between the two tracking dots was measured

using image processing from videos taken during testing. Samples were stretched to

about 2.5 times their original length, then unloaded. Standard bulk compression tests

were also conducted on solid cylindrical samples with 29mm diameter and 12.5mm

thickness, in accordance with the ASTM D575 standard for testing rubber properties

in compression [53]. The bulk compression samples were compressed down to about

40% of their original height while loaded between well-lubricated surfaces to prevent

sticking and bulging of the sides. The bulk compression tests were repeated with

five different identical samples for repeatability. The samples and test setup for the

standard uniaxial tension and standard bulk compression tests are shown in Figure
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(a) Standard tension tests. (b) Standard bulk compression tests.

Figure 3.8: Samples and setup for standard tension and bulk compression testing
of silicone material.

3.8.

To observe the effects of the fiber wrapping and the tube geometry, tension tests

were also conducted on a silicone tube with circumferential fiber wrapping. The

tension test tube was cast with a 10mm outer diameter, 1mm wall thickness, and

56mm length (not including end caps). Small neodymium magnets were placed inside,

then the tube was sealed with silicone on both ends and wrapped with polyester fibers

in the standard double helix pattern with 2mm between each wrap (3.6◦ fiber pitch).

A small hollow needle was inserted in one end to vent the air during testing. The

tube was secured to the test stand using magnets at each end, as shown in Figure
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3.9 (a). The tube was then stretched to about 1.75 times its original length, then

unloaded. This test was repeated three times with the same sample for repeatability.

To characterize the buckling behavior, buckling tests were conducted on fiber-

wrapped silicone tubes with two different constraint types: a tube constraint and

needle constraints. For the tube-constrained buckling tests, a silicone tube with

10mm outer diameter, 1mm wall thickness, 56mm length, and standard 3.6◦ fiber

pitch was fabricated and placed inside an 11mm lubricated, rigid plastic tube. A

10mm rigid plastic cylinder was then lowered on the sample to compress/buckle the

silicone inside the rigid tube, as shown in Figure 3.9 (b). The compression tube

buckling tests were repeated three times with the same sample for repeatability. For

the needle-constrained buckling tests, another silicone tube was created with the

same dimensions. For this sample, the fibers were wrapped with with the same 3.6◦

pitch, but they were wrapped around two needles placed on opposite sides of the

tube. The fibers were then secured with a thin layer of silicone applied just up to the

needles such that the fibers could slide freely on the needles. The needle constraints

were then loaded in a rigid 3D printed base, and a 10mm rigid cylinder was lowered

to compress/buckle the tube as shown in Figure 3.9 (c). The compression needle

buckling tests were repeated three times with the same sample for repeatability.
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(a) Tube tension tests. (b) Compression tube buckling tests.

(c) Compression needle buckling tests.

Figure 3.9: Samples and setup for tension and buckling testing of fiber-wrapped
silicone tubes.
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Silicone mechanical test results

The stress-strain curves from each of the five silicone mechanical tests are shown in

Figure 3.10, where dots represent data points and the solid curves are polynomial fits

to each set of data. The polynomial fit coefficients for each curve are listed in Table

3.1, for the function form σ = p1ε
n + p2ε

n−1 + ...+ pnε+ pn+1. In tension, the stress-

strain curves from both the uniaxial tension and tube tension tests show the typical

response of an elastomeric material with low stiffness, high toughness, and some strain

stiffening as polymer chains align at higher strains. In compression, significant force

is required to compress the solid cylindrical samples from the bulk compression tests;

this is partly due to the incompressibility of silicone which requires significant radial

expansion when the samples are compressed axially. When allowed to buckle, the

force required to compress the silicone plateaus at a much smaller value as seen from

both buckling tests. Note that the buckling behavior is highly geometry-dependent

and was only measured for one particular tube geometry (10mm outer diameter, 1mm

wall thickness, 56mm length, and 3.6◦ fiber pitch). Nevertheless, the same general

flattening pattern can be expected in other geometries.

The Neo-Hookean hyperelasticity model is often used to characterize silicone ten-

sile stress. Neo-Hookean model parameter for common silicone materials, including

Dragon Skin 10 are reported in the literature [37, 193, 153]. The Neo-Hookean model

parameter can also be obtained from a least squares fit to the experimental uniaxial
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Figure 3.10: Stress-strain data from five different mechanical tests on Dragon Skin
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Table 3.1: Polynomial fits to Dragon Skin 10 FAST silicone mechanical test data.

Test Name Symbol Polynomial Polynomial Coefficients Strain Domain
Order (kPa) (mm/mm)

Standard uniaxial tension σST (ε) 4 p1ST
= −63.4249 [0,1.5]

p2ST
= 239.8487

p3ST
= −264.5191

p4ST
= 234.7951

p5ST
= −0.3729

Standard bulk compression σSC(ε) 4 p1SC
= −3295.1547 [-0.6,0]

p2SC
= −2066.7864

p3SC
= −857.0668

p4SC
= 180.3670

p5SC
= −0.6563

Tube tension σTT (ε) 4 p1TT
= −194.6468 [0,0.75]

p2TT
= 551.3092

p3TT
= −519.7024

p4TT
= 316.4992

p5TT
= 0.2527

Compression tube buckling σCT (ε) 5 p1CT
= −2446.9140 [-0.55,0]

p2CT
= 939.3898

p3CT
= 5186.8161

p4CT
= 2781.7816

p5CT
= 547.5522

p6CT
= 3.3046

Compression needle buckling σCN (ε) 4 p1CN
= 9176.3472 [-0.55,0]

p2CN
= 11193.7489

p3CN
= 4470.7769

p4CN
= 822.4502

p5CN
= 5.7573

110



1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

Stretch, 

0

50

100

150

200

250

300

S
tr

e
s
s
, 

 (
k
P

a
)

Polynomial Fit to Uniaxial Tension Data

Polynomial Fit to Tube Tension Data

Neo-Hookean Model Fit to Uniaxial Tension Data

Figure 3.11: Stress-stretch data from uniaxial tension and tube tension tests, along
with Neo-Hookean hyperelasticity model fit to uniaxial tension data.

tension data; the least-squares fit to the experimental data produced nearly identical

model parameters, listed in Table 3.2. For comparison, the Neo-Hookean model with

literature-accepted parameters is plotted with the experimental tension data in Fig-

ure 3.11. Some error is seen between the experimental data and the Neo-Hookean at

low strains, but the model captures the general behavior of the material. A closer fit

can be obtained using a polynomial fit to the uniaxial tension data; these polynomial

coefficents are given in Table 3.1.
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Table 3.2: Neo-Hookean hyperelasticity model parameters for Dragon Skin 10 sili-
cone.

Strain Energy Uniaxial Stress Model Coefficients Source
Function Function (MPa)

W = µ(I1 − 3) σuniax = µ(λ2 − 1
λ ) µ = 0.04250 Literature-reported [37, 193, 153]

µ = 0.04237 Least squares fit to
uniaxial tension data

Silicone tube elongation

It is also important to note that the silicone tube tension data follows almost

exactly the same path as the uniaxial tension data, as seen in Figs. 3.10 and 3.11.

This suggests that, under tension, the material in the silicone tube experiences nearly

perfect uniaxial stress (i.e. circumferential and radial stresses are vanishing). To

confirm the viability of the uniaxial stress assumption, the elongation of a fiber-

wrapped silicone tube was measured while the internal pressure was swept from 0 to

50 kPa and back. Assuming uniaxial stress, the internal tensile force in the silicone

walls can be computed from the polynomial fit to the uniaxial tension data from

Table 3.1:

Fsil = σuniaxAsil =
(
p1ST ε

4 + p2ST ε
3 + p3ST ε

2 + p4ST ε+ p5ST
) π

4
(d2o − d2i ). (3.7)
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The force on the end cap of the actuator from the internal pressure can then be

calculated from

FP = PAend = P
π

4
d2i . (3.8)

The resulting predicted length can then be determined by solving for the axial strain

ε that balances the end force with the tensile force in the silicone walls by setting

Eqs. 3.7 and 3.8 equal to one another:

Pd2i =
(
p1ST ε

4 + p2ST ε
3 + p3ST ε

2 + p4ST ε+ p5ST
)

(d2o − d2i ), (3.9)

The expected length of the tube can then be computed from the strain using

Lpredicted = L0(1 + ε). (3.10)

An alternative method for modeling the stress in the silicone material involves

computing the principal stresses from the strain energy function. Using an incom-

pressible Neo-Hookean model, the strain energy is given by

W =
µ

2
(I1 − 3), (3.11)
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where I1 is the first invariant of the three principal stretches, given by

I1 = λ21 + λ22 + λ23, (3.12)

where λ1, λ2, and λ3 are the principal stretches in the axial, circumferential, and

radial directions, respectively. Given the circumferential fiber constraint, the strain

in the circumferential direction can be neglected; hence, λ2 = 1. The strain in the

radial direction can be determined by applying the incompressibility assumption,

which requires that λ1λ2λ3 = 1; hence, λ3 = 1/λ1. Assuming negligible stresses in

the radial and circumferential direction then leaves the principal stress in the axial

direction which is given by

σ1 =
∂W

∂λ1
− P

λ1
= µ

(
λ1 −

1

λ31

)
, (3.13)

where P is the Lagrange multiplier and µ is the effective initial shear modulus from

the Neo-Hookean model. Using this silicone stress model, the expected elongation of

the silicone tube can again be calculated by balancing the silicone tensile force σ1Asil

with the force on the end of the tube due to the internal pressure. The following force

balance equation can then be solved for λ1:

Pd2i = µ

(
λ1 −

1

λ31

)
(d2o − d2i ). (3.14)
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After solving for λ1, the resulting predicted length of the tube can be calculated from

Lpredicted = L0λ1. (3.15)

Excellent agreement is seen between the measured length from the tube elongation

tests and the predicted length from the uniaxial stress assumption from Eqs. 3.9 and

3.10, as shown in Figure 3.12. The predicted length from the Neo-Hookean model

with plane strain assumption calculated from Eqs. 3.14 and 3.15 does not track as well

with the experimental data. These results indicate that the effects of the pressure

on the walls of the silicone and the circumferential force from the fiber wrapping

have negligible effects on the stress in the silicone material, and the uniaxial stress

assumption is more acurate for modeling the stress in the silicone tube. Thus, it is

reasonable to use the polynomial fit to the uniaxial tension data for modeling purposes

without needing to fit a hyperelasticity model or compute complicated stress states

from a strain energy function.

3.5 Analytical model for PneuSMA actuator

In this section, a quasi-static analytical model is developed to describe the re-

lationship between internal pressure, nitinol spring activation, and resulting length

and bending of the PneuSMA actuator. The analytical model takes into account the

silicone hyperelasticity, actuator geometry, and temperature-dependent properties of
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(a) Measurement of silicone tube elongation.
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(b) Silicone tube length versus internal pressure.

Figure 3.12: Silicone tube elongation tests compared with predicted elongation from
uniaxial stress assumption and Neo-Hookean model.

nitinol using geometric dimensions and material parameters that were determined

from characterization expriments in sections 3.4.1 and 3.4.2, and in the previous

chapter. Polygerinos et al. presented a straightforward analytical modeling approach

for tubular fiber-reinforced soft pneumatic actuators [138]. Substantial modifications

and extensions to the Polygerinos model are necessary to incorporate the effects of

the nitinol springs. Although the analytical model presented by Polygerinos et al.

only applies to simple fiber-reinforced bending actuators, it undergirds the PneuSMA

actuator model developed in this work and should be cited for its influence on the

present work [138].

The analytical PneuSMA model presented below describes the bending of a single

segment of a PneuSMA actuator. The PneuSMA actuator is capable of achieving
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multi-directional bending and different curvatures along the length of the actuator

by selectively heating different segments of the nitinol springs. To model this full

behavior, the PneuSMA model must be applied separately to each discrete segment of

the actuator. The model itself requires uniform heating (and hence uniform curvature)

along the entire length considered.

3.5.1 State variables and curvature parameters

The state variables δ1 and δ2 are used to fully describe the configuration of the

PneuSMA actuator under any given pressure and SMA activation conditions. As

shown in Figure 3.13, δ1 and δ2 are the elongations of the left and right sides of the

actuator, respectively. The elongation values can be positive or negative depending

on the input conditions.

The configuration variables of interest are the curvature κ or radius of curvature

r, and the bend angle θend or resulting length L. Although only two variables are

required to fully define the configuration, all four represent useful quantities and are

worth expressing. Each of the configuration variables can be related to the state

variables δ1 and δ2 by simple geometric analysis.

First, the centerline length L of the actuator can be found by averaging the two

side lengths:

L = L0 +
δ1 + δ2

2
, (3.16)
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Figure 3.13: Left: dimensions of nitinol springs and silicone tube. Center: coor-
dinate system used for analytical modeling. Top center: silicone force
distribution throughout cross-section for bending actuation. Right:
configuration variables and curvature parameters. Top right: force
balance on actuator cap.
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where L0 is the initial length of the actuator, prior to heating/pressurization. The

bend angle θend and radius of curvature r can be determined by analyzing the similar

arcs formed by the left and right edges of the actuator, which share the same central

angle θend. Applying the circular arc length formula to each arc gives

L0 + δ1 =
(
r + do

2

)
θend, (3.17)

L0 + δ2 =
(
r − do

2

)
θend, (3.18)

where do is the outer diameter of the silicone tube. Eliminating r from Eqs. 3.17 and

3.18 gives the bend angle formula

θend =
δ1 − δ2
do

. (3.19)

Similarly, eliminating θend from Eqs. 3.17 and 3.18 gives the radius of curvature r as

a function of δ1 and δ2:

r =
do(L0 + δ2)

δ1 − δ2
. (3.20)

The curvature κ is defined as the inverse of the bend radius:

κ = 1/r =
δ1 − δ2

do(L0 + δ2)
. (3.21)
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3.5.2 Silicone force distribution

The force in the walls of the silicone tube varies substantially thoughout the cross-

section. The highest tensile force occurs along the edge with the highest elongation.

The minimum tensile force, or greatest compressive force, occurs on the opposite side

of the actuator where elongation is lowest (or negative) due to SMA activation or

other strain limiting effect. The silicone force varies nonlinearly between these two

extremes, as shown in the top middle of Figure 3.13.

In Section 3.4.2, it was shown that a uniaxial stress state provides a good repre-

sentation of the axial stress in the silicone tube. Thus, the axial stress in the silicone

can be calculated using the polynomial stress functions from Table 3.1 based on the

elongation δ at any point, such that

σs(δ) = σST

(
δ
L0

)
, δ > 0

= p1ST

(
δ
L0

)4
+ p2ST

(
δ
L0

)3
+ p3ST

(
δ
L0

)2
+ p4ST

(
δ
L0

)
+ p5ST , δ > 0 (3.22)

σs(δ) = σCN

(
δ
L0

)
, δ < 0

= p1CN

(
δ
L0

)4
+ p2CN

(
δ
L0

)3
+ p3CN

(
δ
L0

)2
+ p4CN

(
δ
L0

)
+ p5CN , δ < 0 (3.23)

Similarly, the differential silicone force at any point can be computed as a function
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of the elongation δ at that particular location using

dFs(δ) = σST

(
δ

L0

)
dA, ε > 0 (3.24)

dFs(δ) = σCN

(
δ

L0

)
dA, ε < 0 (3.25)

where σST (δ/L0) and σCN(δ/L0) are the polynomial stress functions from Table 3.1

from the standard uniaxial tension and compression needle buckling test data.

The elongation as a function of β can be determined from interpolation between

δ1 and δ2:

δ(β, δ1, δ2) = δ2 + β
δ1 − δ2
do

. (3.26)

The coordinate β can be exressed in terms of cylindrical coordinates ρ and φ as

β(ρ, φ, δ1, δ2) =
do
2

+ ρ sin(φ). (3.27)

The elongation as a function of ρ and φ is then found by combining Eqs. 3.26 and

3.27 to obtain

δ(ρ, φ, δ1, δ2) = δ2 +

[
do
2

+ ρ sin(φ)

]
δ1 − δ2
do

. (3.28)

The total silicone force can then be calculated by integrating over the entire cross
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section:

Fstotal(δ1, δ2) =
∫
dFs(δ)

=
∫ [

σs

(
δ(ρ,φ,δ1,δ2)

L0

)]
dA

=
∫ 2π

0

∫ ρo
ρi

[
σs

(
δ2+[do/2+ρ sin(φ)][δ1−δ2]/do

L0

)]
rdrdφ, (3.29)

where ρi and ρo are the inner and outer radii of the silicone tube, respectively, and

the σs function calls Eqs. 3.22 and 3.23.

If desired, the silicone distributed load can be replaced by a point load of Fstotal ap-

plied at the location of the centroid of the silicone distributed load. The β-coordinate

of the centroid of silicone force (CSF) can be computed from

CSF (δ1, δ2) =
∫
σsβdA

Fstotal

=

∫ 2π
0

∫ ρo
ρi

[
σs
(
δ2+[do/2+ρ sin(φ)][δ1−δ2]/do

L0

)]
[ do2 +ρ sin(φ)]rdrdφ

Fstotal (δ1,δ2)
. (3.30)

3.5.3 Bending moment balance

The quasi-static analytical model relies on the assumption that the deformation

rate is slow enough that inertial force can be ignored and a static analysis can suffi-

ciently capture the behavior of the device. Under this assumption, a moment balance

about the fulcrum O provides a necessary constraint equation for the analytical model.
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As seen in the top right of Figure 3.13, the nitinol spring force, silicone material

internal force, and the force due to pressure on the end cap each contribute a bending

moment about point O.

The moment due to the pressure on the end of the actuator can be expressed

simply as

MP (P ) = PAend
do
2

= P
[π

4
d2i

] do
2
. (3.31)

The nitinol spring on the right side of the actuator does not contribute a bending

moment about point O as point O lies on the line of action of the right-hand nitinol

spring force FN2 . The other nitinol spring does cause a bending moment about point

O which can be expressed as

MN1(R1, δ1) = −FN1(R, δ1) do, (3.32)

where FN1 is the temperature- and strain- dependent force in the left-hand nitinol

spring. The nitinol spring force computation is outlined in Section 3.4.1, using Eqs.

3.1 through 3.6. The bending moment expression in Eq. 3.32 takes on a negative

sign in keeping with the convention of positive clockwise bending moments.

The bending moment from the silicone material can be determined by integrating

the distributed load and associated lever arm distances over the actuator cross section
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using

Ms(δ1, δ2) =
∫
σβdA

=
∫ [

σs

(
δ(ρ,φ,δ1,δ2)

L0

)]
[β(ρ, φ, δ1, δ2)] dA

=
∫ 2π

0

∫ ρo
ρi

[
σs

(
δ2+[do/2+ρ sin(φ)][δ1−δ2]/do

L0

)][
do
2

+ ρ sin(φ)
]
rdrdφ, (3.33)

or alternatively by using the total silicone force applied at the CSF from Eqs. 3.29

and 3.30:

Ms(δ1, δ2) = −Fstotal(δ1, δ2) CSF (δ1, δ2). (3.34)

Equations 3.33 and 3.34 are interchangeable as they produce identical results.

Setting the sum of the moments about O equal to zero gives

MP (P ) = MN1(R1, δ1) +Ms(δ1, δ2). (3.35)

The state variables δ1 and δ2 must satisfy Eq. 3.35

3.5.4 Force balance

When modeling a simple fiber-reinforced bending actuator (with no SMA springs),

a single state variable can be used to fully define the actuator’s configuration as one

side length is fixed by a strain-limiting fabric or fiber in the axial direction. Hence, the

moment balance alone is sufficient for determining the state variable and modeling
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the bending of simple fiber-reinforced bending actuators [138, 45]. The incorporation

of SMA springs in place of simple fibers requires an additional state variable to fully

describe the configuration of the actuator. Thus, modeling the PneuSMA actuator

requires two equations in order to solve for the two state variables. Balancing the

forces on the end of the actuator provides a second constraint equation that can be

used in conjunction with the moment balance equation to solve for the two state

variables.

From the top right of Figure 3.13, it can be seen that four forces act on the end of

the actuator: the force from the pressure acting on the end of the silicone tube FP ,

the force from the silicone tube Fstotal , and the forces from both nitinol springs FN1

and FN2 .

The force from the pressure acting on the end of the actuator was given previously

in Eq. 3.8. The total silicone force was found by integrating the σs(δ) function across

the cross section of the actuator, as shown in Eq. 3.29. The nitinol spring forces FN1

and FN2 are obtained from Eqs. 3.1 through 3.6, as outlined in Section 3.4.1. Setting

the sum of the forces on the end of the actuator equal to zero gives the force balance

equation

FP (P ) = Fs(δ1, δ2) + FN1(R1, δ1) + FN2(R2, δ2). (3.36)

Solving the force and moment balance equations requires a numerical solver. The

resulting configuration, as a function of pressure P and nitinol spring resistances
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R1 and R2 can be obtained using a two-parameter minimization function such as

MATLAB’s fminsearch function:

δ1(P,R1, R2)

δ2(P,R1, R2)

 = fminsearch

minFun(δ1, δ2),

0

0


 , (3.37)

where minFun is the function to be minimized. The following minimization function

it used to minimize both the sum of the moments and the sum of the forces:

minFun(δ1, δ2) = [ΣF ]2 + [ΣMO]2

= [−FP (P ) + Fs(δ1, δ2) + FN1(R1, δ1) + FN2(R2, δ2)]
2

+ [−MP (P ) +MN1(R1, δ1) +Ms(δ1, δ2)]
2 . (3.38)

Once the state variables δ1 and δ2 have been calculated using Eq. 3.37, the

configuration can be expressed in more intuitive terms by converting to bend radius,

curvature, actuator length, and/or bend angle using Eqs. 3.16, 3.19, 3.20, and 3.21.

3.5.5 Model adaptations for alternative designs

The PneuSMA quasi-static analytical model presented above was developed for

a round PneuSMA actuator with two nitinol springs arranged opposite one another.

With a few minor modifications, the model can easily be applied to a variety of

different pneumatic actuator types, geometries, and spring arrangements.
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PneuSMA actuator with single nitinol spring To model the bending of a

PneuSMA actuator with a single spring on one side, the force and bending moment

terms from one of the nitinol springs should be removed from the force and moment

balance equations. In other words, FN1 and MN1 should be removed from Eqs. 3.35

and 3.36, as well as Eq. 3.38. Note that the single spring PneuSMA actuator is only

capable of one-directional bending.

PneuSMA actuator with triad of nitinol springs The PneuSMA actuator is

capable of three-dimensional bending when three nitinol springs are arranged in a

triad configuration along the sides of the actuator. To model the 3D bending config-

uration, a third state variable δ3 must be introduced to fully define the configuration.

With each of the state variables tracking the elongation at each spring location, a

third spring force term FN3 must be added to the force balance equation. The sili-

cone force and moment functions would need to be re-derived as their derivation relies

on δ1 and δ2 being measured on opposite sides of the actuator. Additionally, the mo-

ment balance equation would need to include vector cross-products as the bending

moments from the nitinol springs would no longer lie in the same plane.

Fiber-reinforced bending actuator with no nitinol springs The PneuSMA

model can easily be simplified to predict the bending in a simple fiber-reinforced

bending actuator with no nitinol springs. In these types of actuators, a strain-limiting

fabric or fiber is embedded along one side to prevent axial elongation on one side.
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The strain-limiting fiber is generally considered inextensible and can be modeled as a

spring with infinitely high stiffness. Thus, the spring force and bending moment from

one spring may be removed, and the force from the second spring can be replaced a

Hooke’s Law spring force equation. In other words, FN1 and MN1 should be removed

from Eqs. 3.35 and 3.36, as well as Eq. 3.38, and the second spring force FN2 can be

replaced with

FN2 = kfδ2, (3.39)

where the fiber stiffness kf is sufficiently large to drive δ2 to zero. A value of kf =

1× 106 MPa was sufficient for the actuator geometry used in this work.

Pneumatic actuator with non-circular cross section A circular silicone tube

was used as the basis for the PneuSMA actuators in this work as this geometry lends

itself most easily to three-dimensional bending. However, other geometries with semi-

circular, rectangular, or more advanced cross sections could also be used. Modifying

the geometry would affect the force and moment from the pressure as the area of the

end cap would change. Additionally, the silicone force would need to be integrated

over a different cross-sectional area. Otherwise, the same modeling principles could

be applied to different geometries, and the nitinol spring force and moment functions

would remain unchanged.

128



3.6 Actuator fabrication

The fabrication process for the PneuSMA actuator has been refined after much

trial-and-error to streamline the process and minimize opportunities for inconsisten-

cies between samples. Figure 3.14 shows the step-by-step process for casting and

assembling a PneuSMA actuator with two springs arranged opposite each other. As

shown in Figure 3.14 (a), mold pieces of the desired dimensions are 3D printed using a

rigid plastic material (ABS or PLA). The mold halves are designed with interlocking

slots on both sides to ensure proper alignment. Two different mold cores are needed:

one with a guide pin and one without. The guide pin is essential for keeping the core

concentric with the outer mold pieces during the casting process to ensure uniform

silicone wall thickness, and hence symmetric actuator bending. The pinless core is

used later in the fabrication process when the pin hole is sealed.

The fabrication steps shown in Figure 3.14 are described below.

(a) Mold pieces, including two outer mold halves and two mold cores, are 3D printed

using rigid plastic material (ABS or PLA) and sprayed with Mold Release spray.

(b) Mold halves are interlocked and clamped together (clamps not shown).

(c) Liquid silicone is mixed, degassed, and poured into the mold.

(d) The mold core with guide pin is inserted and clamped down (clamp not shown),

and silicone is allowed to cure.
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Figure 3.14: PneuSMA actuator fabrication process for 2-spring actuator. Steps
(a)-(e) show the silicone tube casting; steps (i) - (j) show the pre-
stretching and placement of the nitinol springs; steps (k) - (m) show
the fiber wrapping process, and steps (n) - (t) show the silicone coating
and the attatchment of the supply tube and electrical connectors.
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(e) Mold is unclamped and opened using a slotted screwdriver to pull apart mold

halves.

(f) Mold core with silicone tube is removed from outer mold pieces.

(g) Silicone tube is removed from mold core with guide pin.

(h) Silicone tube is transferred to pinless mold core.

(i) Nitinol springs are cut to 14mm (plus margin for connections) then stretched

to 56mm (plus margin for connections)

(j) Pre-strained nitinol springs are temporarily taped along opposing sides of the

silicone tube.

(k) Polyester thread is manually wrapped around the silicone tube, passing through

every spring coil to ensure uniform spacing/pitch.

(l) Tape is removed as thread wrapping continues.

(m) After reaching the tip, the wrapping continues back down to the base, passing

through each of the spring coils a second time to form a double helix wrapping.

(n) Thread ends are tied off, then a thin layer of silicone is spread over the fibers

just up to the springs, and the pinhole is filled.

(o) The silicone coating is allowed to cure.
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(p) The fiber-wrapped silicone tube is removed from the mold core.

(q) A thin layer of Sil-Poxy adhesive is spread on the outside of the end of the

supply tube.

(r) The supply tube is inserted into the end of the actuator.

(s) The supply tube is secured with a Zip Tie, and the Sil-poxy is allowed to dry.

(t) Molex crimp terminals are attached at the ends and intermediate points on the

nitinol springs.

Attaching the electrical wires to the nitinol springs is difficult due to the size,

shape, and composition of the nitinol springs. Nitinol forms a thick oxide layer on

the surface when exposed to air. While this feature contributes to desirable chem-

ical stability and biocompatibility, it makes soldering nearly impossible. Since the

oxide layer has a high electrical resistance, the best way to establish robust electrical

connections is to use crimps that can penetrate the oxide layer and stabilize the con-

nection. The springs used in this work were too small to crimp directly on the spring

wire. Instead, a short segment of copper wire roughly matching the inner diameter

of the nitinol coils was inserted in the last few coils on each end of the spring. A

Molex crimp terminal could then be crimped around the end of the spring with the

copper core inside as shown in Figure 3.15. To add connections at midpoints in the

spring, the nitinol spring was lain across a Molex terminal with a copper wire segment
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Figure 3.15: Electrical connections to nitinol springs created by crimping Molex
crimp terminals around a copper core inserted into nitinol coils.

placed over top to sandwich the crimp against the spring as shown on the right side

of Figure 3.15. This crimping method proved significantly more effective in reducing

weight and contact resistance compared to soldering or conductive paste methods.

3.7 Experimental validation of analytical model

Experiments were conducted on five different variations of the PneuSMA actuator

to validate the quasi-static analytical model. The measured curvature, length, and

bend angle as a function of pressure and nitinol spring activation were compared with

those predicted by the analytical model.

3.7.1 Sample preparation

The five variations of the PneuSMA actuator created for experimental testing are

shown in Figure 3.16. The first three samples are called PneuFLEX actuators, a
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Table 3.3: PneuSMA and PneuFLEX sample dimensions.

Outer Wall Actuator
Sample Name Sample Description Strain Limiter(s) Diameter Thickness Length

Do t L0

PneuFLEXs PneuFLEX standard dims. Inextensible fiber 10 mm 1 mm 56 mm
PneuFLEXt PneuFLEX thicker walls Inextensible fiber 10 mm 1.5 mm 56 mm
PneuFLEXw PneuFLEX wider dims. Inextensible fiber 14 mm 1 mm 56 mm
PneuSMA1 PneuSMA single spring 1 nitinol spring 10 mm 1 mm 56 mm
PneuSMA2 PneuSMA opposing springs 2 nitinol springs 10 mm 1 mm 56 mm

name coined by Deimel and Brock [45], to describe fiber-reinforced bending actuators

that do not contain any SMA springs. Instead of nitinol springs, the PneuFLEX

actuators have an inextensible fiber embedded along one side of the silicone tube

to prevent elongation on one side and thus enable bending upon pressurization. The

subscripts s, t, and w on the names of the PneuFLEX samples indicate the dimensions

of the silicone tube cross section with s indicating standard dimensions, t indicating

thicker walls, and w indicating a wider tube. The two PneuSMA actuators both have

standard silicone tube dimensions, but the PneuSMA1 actuator has a single nitinol

spring on one side while the PneuSMA2 actuator has two nitinol springs arranged on

opposite sides of the tube. Each actuator was made with Smooth-OnTM Dragon Skin

10 FAST silicone and Kellog’s Research Lab 35◦C nitinol micro springs with 0.25mm

wire diameter, 0.9mm mandrel diameter, and tight spring pitch such that there is no

space between coils at rest length and hence the initial pitch is given by pi = d. The

dimensions and strain-limiting mechanisms for each actuator are listed in Table 3.3.
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Figure 3.16: PneuSMA and PneuFLEX samples for experimental validation.
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3.7.2 Experimental setup

To test the PneuSMA actuators for validation of the analytical model, the supply

air pressure and the heating of the nitinol springs must be controllable while the

pressure, electrical resistance of the nitinol springs, and the resulting configuration of

the actuator are monitored.

The test setup for these experiments is shown in Figure 3.17 where the actuator

is clamped in a vice with a supply tube attached to an air compressor. The pres-

sure in the actuator is measured using a pressure transducer and controlled using

a pressure regulator between the actuator and the air compressor. The heating of

the nitinol spring is controlled via pulse-width modulation input from the Arduino

Mega to a voltage regulator. At 100% duty cycle, the voltage regulator supplies a

constant current to the nitinol spring, despite subtle changes in the nitinol resistance.

Monitoring the voltage drop across the nitinol springs with an amplifier then allows

the resistance to be monitored simultaneously while the spring is heating or cooling,

provided that at least a small trickle current is flowing through the coils even during

cooling. A camera facing the front of the actuator tracks the configuration of the

actuator during the tests. The actuator’s curvature, length, and bend angle are then

extracted from the video footage using basic image processing in MATLAB.
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Figure 3.17: Wiring diagram and experimental setup for PneuSMA actuator tests.
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Figure 3.18: Measured curvature versus model-predicted curvature for three dif-
ferent PneuFLEX actuator geometries.

3.7.3 PneuFLEX curvature tests

First, the PneuFLEX actuators (no nitinol springs) were tested to confirm the

validity of the analytical model before adding the complexity of the nitinol springs.

Each PneuFLEX actuator was clamped in the vice and pressurized to about 60 kPa

(8.7 psig), then vented back to zero pressure while the curvature was measured via

camera. Tests were conducted twice with each PneuFLEX actuator for repeatability.

The measured curvature from each PneuFLEX actuator is compared with the model-

predicted curvature in Figure 3.18. No noticeable hysteresis was observed, and the

model tracks well with the experimental data.

The effects of gravity were also explored with the PneuFLEX actuators. Incorpo-

rating the weight of the actuator in the force and bending moment balance equations
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caused a slight increase in the predicted curvature as the actuators were tested in a

vertical orientation where their weight would cause increased bending. The model-

predicted curvatures with and without the inclusion of gravity differed by a maximum

of 8.2% in the standard geometry, 9.7% in the thick-walled geometry, and 4.3% in

the wide geometry. The effects of gravity were deemed relatively minor for the light

weight of actuator used in this work (< 2.5 g), and the slight difference in predicted

curvature with and without gravity lies well within the range of uncertainty based

on silicone wall thickness measurement uncertainty. Thus, gravitational effects were

excluded in the modeling of the PneuSMA actuators.

3.7.4 PneuSMA constant pressure tests

The two PneuSMA actuators were tested at constant pressure to observe the

effects of temperature (and hence electrical resistance) on the actuator curvature.

For these tests, the actuators were clamped in the vice, pressurized to a desired

setpoint, then thermally cycled by ramping the duty cycle on the voltage regulator

up from 0 to 80%, holding at 80% duty cycle for 10-15 seconds, then cooling with

0% duty cycle. The pressure and RMS current inputs for each actuator are shown in

Figure 3.19. The resistance in the nitinol springs was measured during the tests and

smoothed using polynomial fits to the expreimental data, as shown in Figure 3.20.

The resulting actuator curvatures are plotted against both time and electrical

resistance in Figure 3.21. Note that the one-spring PneuSMA actuator (PneuSMA1)
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Figure 3.19: Applied pressure and RMS current input during constant pressure
PneuSMA tests.
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Figure 3.20: Measured electrical resistance in nitinol springs during constant pres-
sure testing of the PneuSMA actuators. Dots represent actual mea-
surements; solid lines are polynomials fit to the measured data.
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starts with some curvature before heating begins due the asymmetric spring force

upon pressurization to the setpoint. The PneuSMA2 actuator, on the other hand,

starts off with zero curvature prior to heating as the opposing springs apply equal

forces until one is heated while the other remains at room temperature.

Also note that the actuator does not return to its initial curvature after the heat-

ing/cooling cycle as the heating process causes most of the initial residual strain to be

recovered. This underlying effect is discussed in Section 3.4.1, but its implications are

witnessed in the actuators themselves. In these tests, the model tracks fairly well with

the experimental data, capturing the general curvature trends and expected residual

strain recovery.

3.7.5 PneuSMA constant heating tests

Constant heating tests were also conducted on the PneuSMA actuators to isolate

the effect of pressure on the curvature of the actuators. For these tests, the right-

hand nitinol springs were heated at a constant rate until thermal equilibrium was

reached, then the pressure was ramped up to about 40-70 kPa (5.8 - 10.2 psig) and

ramped back down to zero. Figure 3.22 shows a typical pressure input curve for the

constant heating PneuSMA tests. However, at high temperatures, the pressure could

not be ramped as high because the vice would begin to interfere with the actuator

bending and skew the results. The measured resistances in the nitinol springs during

the constant heating tests are shown in Figure 3.23, along with straight lines fit to
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Figure 3.21: Comparison of measured curvatures and model-predicted curvatures
from constant pressure testing of PneuSMA actuators. Solid curves
represent model prediction; discrete points represent measured curva-
tures.
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Figure 3.22: Typical pressure input for constant heating PneuSMA tests.

smooth the measurements.

The resulting actuator curvatures as a function of pressure are plotted in Figure

3.24, alongside the model-predicted curvatures. These tests show that the actuator

curvature generally decreases as pressure increases. This observation aligns with the

expected behavior as bending is primarily caused by contraction of the nitinol springs,

and increasing the pressure opposes the nitinol spring contraction, causing a loosening

of the bend radius. The only exception to this trend occurs in the low temperature

tests with the one-spring PneuSMA actuator where the curvature increases slightly

with pressure. This behavior is understandable given the design of the actuator. Since

there is no spring on the left-hand side of the one-spring PneuSMA actuator, bending

is significantly enhanced by elongation of the silicone on the left-hand side. Increasing

pressure promotes further silicone elongation and can thus increase curvature. This
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Figure 3.23: Measured electrical resistance in nitinol springs during constant heat-
ing testing of the PneuSMA actuators. Arrows indicate the test start-
ing points; dots represent actual measurements; solid lines are fit to
smooth the measured data.

behavior is not seen in the high temperature tests with the one-spring PneuSMA

actuator because at high temperatures the spring contraction is the dominant cause of

bending and minor effects from silicone elongation do not cause a noticible curvature

increase with pressure.

Note that there is no noticeable hysteresis in the constant heating tests with

pressure cycling. The actuator curvatures trace the same paths during both the

pressurization and depressurization processes, and the actuator returns to its original

configuration after pressure cycling. A different unloading path would be followed if

either (a) the springs were stretched far enough with the applied pressure to cause

further detwinning of the martensite, or (b) the temperature was increased at some
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Figure 3.24: Comparison of measured curvatures and model-predicted curvatures
from constant heating testing of PneuSMA actuators. Solid curves
represent model prediction; discrete points represent measured curva-
tures.

point to cause recovery of some of the initial residual strain. In the constant heating

tests, neither of these effects were realized as the springs never exceeded the initial

pre-strain of γp = 0.1924, and the tests were conducted with a constant heating rate

which would result in nearly constant temperature.

The analytical model does not track as closely with the experimental data in the

constant heating tests compared to the constant pressure tests. As seen in Figure

3.24, a significant deviation is seen especially in the high temperature tests as pressure

is increased and the model predicts a much higher curvature than is seen in the

experimental measurements. In the one-spring PneuSMA actuator, this discrepancy

can be explained by an interference between the actuator tip and the clamp at the
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base of the actuator. When the spring on the PneuSMA1 actuator is heated up

to the 50 or 70% duty cycle setpoints, the actuator buckles and curls so tightly

that it bends more than 270◦ and bends back on itself, preventing further bending.

As the pressure is increased, the tip remains in contact with the base and is not

able to exhibit its full curvature potential. Hence, the measured curvatures in the

PneuSMA1 actuator at 50 and 70% duty cycles are substantially skewed and should

be disregarded. In the two-spring PneuSMA actuator, the opposing spring reduces

the curvature enough that the interference does not occur. However, the PneuSMA2

actuator still shows a lower curvature than is predicted by the model, especially in

the high temperature tests. In this case, the reduction in curvature is likely due to

some incidental heating of the opposing spring. The resistance and temperature in

the opposing spring was not measured during the tests as it was assumed to be at

room temperature and hence fully martensitic. However, it is highly possible that as

the right-hand spring was heated, the temperature of the left-hand spring may have

increased slightly due to conductive heat transfer, which would cause a reduction in

the experimental curvatures, especially in the high temperature tests.

3.8 Model implications

Several valuable implications can be drawn from the analytical model developed

for the PneuSMA actuator in terms of design optimization, workspace estimation,

and control implementation.
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3.8.1 Workspace comparison

It has been previously stated that the PneuSMA actuator offers improved spatial

maneuverability compared to simple fiber-reinforced bending actuators such as the

PneuFLEX actuators tested in this work. The analytical model developed for the

PneuSMA actuator allows this improvement in the actuator workspace to be quan-

tified and visualized. Figure 3.25 shows the range of curvatures and bend angles

achievable with three different types of actuators: (1) a PneuFLEX actuator with

standard dimensions, (2) a PneuSMA actuator with two springs arranged opposite

one another, and (3) a PneuSMA actuator with one spring along the right side. It can

be seen that the PneuSMA actuators are capable of much higher curvatures as well as

multi-directional bending in the PneuSMA2 actuator. Note that the curvature and

bend angle workspaces for the PneuSMA actuators are represented by shaded regions

while the PneuFLEX curvature and bend angle workspaces can be represented with

a single curve as a function of pressure. This is because a variety of curvatures and

bend angles can be achieved at a single pressure in the PneuSMA actuators by ad-

justing the SMA spring activation levels, whereas the PneuFLEX actuator curvature

is a function of pressure alone.

A trade-off exists between the PneuSMA1 and PneuSMA2 actuator designs.

While the two-spring PneuSMA actuator offers multi-directional bending, the one-

spring PneuSMA actuator can achieve the tightest curvature, making it ideal for
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Figure 3.25: Workspace comparison between PneuFLEX and PneuSMA actuators.
The bottom row shows the minimum and maximum curvature config-
urations within a pressure range of 0-60 kPa (0-8.7 psig).
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gripping small objects or traversing tight corners in a channel. Still, both PneuSMA

actuators outperform the simple fiber-reinforced bending actuator in terms of both

curvature and maneuverability.

3.8.2 Design optimization

The analytical PneuSMA model can be used, as demonstrated above, to predict

the workspace for a given actuator design. Several design parameters can be tuned

to offer different bending capabilities and spatial resolution. For example, three-

dimensional bending can be achieved by arranging three nitinol springs in a triad

arrangement, or by alternating segments with two opposing springs in the x-y plane

then the x-z plane then x-y plane, etc. Selecting different silicone materials, SMA

spring alloys, silicone cross-sectional geometry, and SMA spring dimensions all would

affect the bend angle and curvature workspace. The model can be used to predict the

workspace for any variation of the PneuSMA actuator in order to select an optimal

design for a given application.

3.9 Conclusions and future work

In this chapter, the design of a highly-maneuverable hybrid pneumatic/shape-

memory alloy (PneuSMA) soft actuator was presented. The design features pre-

stretched nitinol springs along the sides of the actuator to control the bending di-

rection and magnitude. A background explanation of the constituent silicone and
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nitinol materials was presented, along with experimental characterization studies on

their mechanical properties. Extensions were made to the resistance-based nitinol

spring model from the previous chapter to account for residual strain due to the

formation of detwinned martensite at low temperatures.

An analytical model was also developed to predict the configuration of the PneuSMA

actuator based on pressure and nitinol electrical resistance inputs. The analytical

model relies on quasi-static assumptions and is based on a force and moment balance

on the end of the actuator, incorporating the buckling effects and nonlinear stiffness

of the silicone rubber as well as the temperature-depended properties of the nitinol

springs. Although the model was developed for standard PneuSMA actuators with

round cross section, it can easily be adapted for application to different actuator

cross sections, different dimensions, different spring arrangements, or even for simple

fiber-reinforced bending (PneuFLEX) actuators with no SMA springs involved.

Experimental tests on several variations of the PneuSMA and PneuFLEX actua-

tors were conducted to compare the measured curvatures with the model predictions.

The model tracked extremely well with the experimental curvatures from from the

PneuFLEX actuators tested over a range of pressures from 0 to 60 kPa (0 to 8.7 psig).

The PneuSMA actuators were tested under constant pressure conditions with ther-

mal cycling, then under constant heating condition with pressure cycling. The model

provided a reasonably good fit to the experimental curvatures from the constant pres-
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sure tests, capturing both the initial curvature and the effects of strain recovery in

the nitinol springs after thermal cycling. The experimental curvatures from the con-

stant heating tests show some deviation from the analytical model, especially at high

temperatures. However, these discrepancies can be explained by interference between

the actuator tip and base in the one-spring actuator, and by slight incidental heating

of the opposing spring in the two-spring actuator. Overall, the quasi-static analytical

model developed for the PneuSMA actuator captures the general configuration trends

under both the constant pressure and constant heating conditions.

With this incorporation of a position control algorithm with both resistance po-

sition feedback, the PneuSMA analytical model could be used to drive a multi-

segmented actuator to a desired configuration, or even through a tortuous channel,

which is especially desirable for medical applications. The next steps for making the

PneuSMA actuator suitable for medical applications would include:

• Implement a position control algorithm based on electrical resistance feedback

from nitinol springs.

• Modify the fabrication process slightly in order to place the nitinol springs on

the inside walls of the actuator so that heated springs do not come into contact

with bodily tissue during medical procedures.

• Incorporate a venting system to speed the cooling of the nitinol springs placed

on the inside walls of the actuator.
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Figure 3.26: Demonstration of possible circuit design for independent current con-
trol in three segments of a nitinol spring using a single voltage source.
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• Develop a circuit design that is capable of measuring resistance and supplying

heat to various segments along nitinol springs with minimal wire connections.

This may be achieved by tuning the frequency of an alternating current in the

nitinol spring with band-pass filters that only allow the current to pass through

certain segments as shown in Figure 3.26.

With these advancements to the design and control aspects, the PneuSMA actuator

could offer significant improvements compared to currently used tip-steerable catheter

devices in terms of both safety and maneuverability.
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An earthworm-inspired friction-controlled soft robot capable of bidirectional lo-

comotion. Bioinspiration & Biomimetics, 14(3):036004, February 2019. Pub-

lisher: IOP Publishing.

164



[61] Giada Gerboni, Tommaso Ranzani, Alessandro Diodato, Gastone Ciuti, Matteo

Cianchetti, and Arianna Menciassi. Modular soft mechatronic manipulator for

minimally invasive surgery (MIS): overall architecture and development of a

fully integrated soft module. Meccanica, 50(11):2865–2878, November 2015.

[62] M. Wildan Gifari, Hamid Naghibi, Stefano Stramigioli, and Momen

Abayazid. A review on recent advances in soft surgical robots

for endoscopic applications. The International Journal of Medical

Robotics and Computer Assisted Surgery, 15(5):e2010, 2019. eprint:

https://onlinelibrary.wiley.com/doi/pdf/10.1002/rcs.2010.

[63] Yannik Goergen, Romol Chadda, Rouven Britz, Dominik Scholtes, Nataliya

Koev, Paul Motzki, Roland Werthschützky, Mario Kupnik, and Stefan Se-
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matic finger-like actuators for affective motion generation. In 2015 IEEE/RSJ

International Conference on Intelligent Robots and Systems (IROS), pages

1691–1697, September 2015.

[120] Kamran Mohiuddin and Scott J. Swanson. Maximizing the benefit of minimally

invasive surgery. Journal of Surgical Oncology, 108(5):315–319, 2013. eprint:

https://onlinelibrary.wiley.com/doi/pdf/10.1002/jso.23398.

[121] T Mori and K Tanaka. Average stress in matrix and average elastic energy

176



of materials with misfitting inclusions. Acta Metallurgica, 21(5):571–574, May

1973.

[122] Bobak Mosadegh, Panagiotis Polygerinos, Christoph Keplinger,

Sophia Wennstedt, Robert F. Shepherd, Unmukt Gupta, Jong-

min Shim, Katia Bertoldi, Conor J. Walsh, and George M. White-

sides. Pneumatic Networks for Soft Robotics that Actuate Rapidly.

Advanced Functional Materials, 24(15):2163–2170, 2014. eprint:

https://onlinelibrary.wiley.com/doi/pdf/10.1002/adfm.201303288.

[123] P. Motzki, J. Kunze, B. Holz, A. York, and S. Seelecke. Adaptive and energy

efficient SMA-based handling systems. In SPIE - Active and Passive Smart

Structures and Integrated Systems 2015, volume 9431, page 943116, April 2015.

[124] Paul Motzki, Julian Kunze, Alexander York, and S Seelecke. Energy-efficient

SMA Vacuum Gripper System. In Actuator 16 - 15th International Conference

on New Actuators, June 2016.

[125] Paul Motzki and Stefan Seelecke. Industrial Applications for Shape Memory

Alloys. In Encyclopedia of Smart Materials, pages 254–266. Elsevier, November

2021.

[126] Jun-Ya Nagase, Norihiko Saga, Toshiyuki Satoh, and Koichi Suzumori. De-

velopment and control of a multifingered robotic hand using a pneumatic

177



tendon-driven actuator. Journal of Intelligent Material Systems and Structures,

23(3):345–352, February 2012. Publisher: SAGE Publications Ltd STM.

[127] Vitaly Napadow, Quingshan Chen, Van J. Wedeen, and Richard J. Gilbert.

Intramural mechanics of the human tongue in association with physiological

deformations. Journal of biomechanics, 32 1:1–12, 1999.

[128] Srinivas Neppalli and Bryan Jones. Design, construction, and analysis of a

continuum robot. In 2007 IEEE/RSJ InternationalConference on Intelligent

Robots and Systems (IROS), pages 1503–1507, December 2007.
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