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Abstract

Hyper-redundant devices are characterized by repeating independently controlled
structures connected in series, much like the architecture of a snake or worm. This thesis
evaluates the performance of a pressurized hyper-redundant manipulator design driven by
high strain shape memory alloy actuators. The proposed design is composed of four
identical modules; each providing three degrees of freedom from three symmetrically
positioned actuators. The modules have an outer diameter of 31mm and a length of
33mm at full extension. The actuator return force and manipulator stiffness are controlled
by an air pump connected at the base. Although connection failures between the actuator
tabs and vertebrae prevented the validation of the hyper-redundant manipulator
prototype, the unit module element was successfully fabricated and evaluated. The unit
module could achieve linear contractions of 40% and rotations of over 50° at a frequency
of 0.05Hz. Several limitations remain to be addressed in order to build a reliable device;
these include: 1) The high current requirement of the actuators, 2) The inefficient

actuation system, and 3) The connectivity issues between the actuators and the modules.
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Chapter 1:

Introduction

Hyper-redundant devices are generally defined as repeating independently controlled
structures. In biological terms, their architecture is comparable to that of a snake or
worm. The analysis of the crawlihg motion of these biological beings was the prime
motivator in the early development of redundant robotic systems [18]. Early prototypes
included snake-like servo-powered robots capable of producing a wave motion to bring
about a displacement. However, it was the redundant capabilities of the design that
prompted the development of one of the first industrial redundant manipulators, the
Toshiba water turbine inspector, in the mid-eighties [18]. It was found that the repeating
structure of the robot could adapt its shape to highly complex configurations. This key
ability allowed the manipulator to reach targets previously unattainable by conventional

robotic devices.

The industry-approved design lead to the research and development of many different
types of redundant manipulators. By the end of the century, smart materials would begin
to replace conventional electromagnetic and hydraulic actuators [8]. In recent years,
significant efforts have been made by the robotics research community to simplify,
miniaturize and improve the performance of redundant manipulators. This has lead to the
concept of discrete actuation [12]. The principle is founded on the basis that the actuators
have only two states: ON or OFF, and that each state has a single position. This reduces the
manipulator’s workspace to a set of discrete points but has the advantage of greatly
simplifying the hardware. Discrete changes in the actuator state enables the manipulator
to operate without the use of sensing equipment and feedback control, and as the hyper-
redundancy of the manipulator increases, its performance reaches that of a continuous

robot [11].



1.1 MOTIVATION FOR RESEARCH INTO HIGH DOF DEVICES

Studies have shown that many downfalls such as less than accurate positioning, bulky
and complex structures and complicated control software are associated with hyper-
redundant devices [44]. However, advancements in electronics, smart materials and
manufacturing methods as well as a growing demand for manipulation unsuitable to

rigid-link robots has led to increased research of the biologically inspired machine.

The goal of this research is to develop a miniature compliant hyper-redundant
manipulator, which addresses mechanical limitations of traditional miniature devices.
Two major issues involved in the design of such a system include: 1) The design of
flexible low-weight unit module (attached in series, they constitute the structure of the
manipulator), and 2) The design of a high strain actuator capable of producing large

displacements within the unit module.

1.2 THESIS STRUCTURE AND CONTENT

The following chapters describe the design process leading to the fabrication of the
prototype manipulator. Figure 1-1 shows the structure of the thesis and the flow of
information between the chapters. The design process begins with a review of existing

manipulator designs and actuation methods in Chapter 2.

Design Modelling Implementation
Chapter 3: Chapter 4. Chapter 6:
Chapter 2: Conceptual SMA constitutive  Power requirements
Recent work on actuator and — mModel and —» and electrical network Chapter 8:
hyper-redundant — manipulator actuator sizing description Evaluation
manipuletors and design v of actuator
smart material \, Chapter 5: / and manipulatar
actuators Control System Chapter 7: / performance
Fabrication
» details for key
components

Figure 1-1: Thesis structure



Chapter 3 presents the conceptual design of the actuator and manipulator structure.
Although they are presented separately in two sections, both concepts are interdependent.
Each section contains a detailed description of the proposed designs as well as a

preliminary analysis to determine their compatibility.

Chapter 4 provides the detailed analysis of the modeling of the actuator’s mechanical
characteristics based on a two-phase constitutive model developed by X. Peng [37]. The
actuator dimensions are determined using an exhaustive search based on the force-

displacement outputs produced by the model.

Chapter 5 gives an overview of the control system including an analysis of the forward
and inverse kinematics as well as the manipulator controller. The control algorithm is
based on the principle of binary actuation and uses an iterative process to account for the
structure’s weight. The manipulator workspace is computed for all possible

configurations stored in memory.

Chapter 6 describes the electrical network powering the SMA actuators. The actuators are
arranged in a matrix-like network in which both lead and ground connections are
controlled by electrical switches [33]. A description of the network as well as an analysis

of the hardware is provided in this chapter.

Chapter 7 presents the details on the manufacturing process used to produce the key
components of the manipulator structure. It describes the heat treatment process used to
transform the SMA sheet and the moulding process used to form the manipulator’s outer
shell. The chapter also illustrates the prototype assembly process and discusses several

fabrication issues.

Chapter 8 gives the detailed results of the SMA material tests, frequency response tests,
and actuator tensile tests. This is followed by an analysis and discussion of the actuator
and manipulator performance.

4



Chapter 9 then summarizes the results, discusses several limitations and suggests some

areas for further work.



Chapter 2:

Literature Review

2.1 RECENT WORK ON HYPER-REDUNDANT MANIPULATORS

In the last three decades, significant improvements in material and manufacturing
technologies have lead to a wide range of innovative hyper-redundant designs and al
steady trend towards miniaturization. Early experiments on redundant manipulators were
performed on continuous manipulators. These devices have all their components fixed to
a single non-extendable backbone. The structures are divided into sections and each
section is controlled via motor-driven cables. It was found that the interaction between
the active and conduit cables in the base section reduced the bending capabilities and that
higher cable tensions were required to maintain sufficient structural stiffness as the length
to width ratio increased [16]. However, these devices could only operate effectively in
the downward vertical position or in low gravity environments. An example of such a

design is shown in Figure 2-1.

Figure 2-1: Trunk-like continuum manipulators [48]

These devices featured a much larger number of degrees of freedom (DOF) and could

configure their structure to meet a wide variety of shapes. The discovery of NiTi shape



memory alloys in 1962 prompted the development of muscle type actuators [18].
Increased configurability and dexterity could be achieved by replacing the cable-driven
actuators and base control platform with directly driven SMAs. Again, it was found that
the actuators had difficulties controlling the accumulated weight of each section and that
the manipulator could not operate in the upright position [48]. In the same period, a
pneumatic hyper-redundant manipulator with a variable geometry truss structure was
developed at the Johns Hopkins University [7]. Results have shown that this device had a
higher strength to weight ratio and greater manoeuvrability than the SMA actuated or
cable driven trunk manipulators [7].

By the end of the 20® century, miniature hyper-redundant manipulators driven by
SMAs were entering the biomedical field. The example shown in Figure 2-2 is a three
joint sensor-less manipulator driven by nine SMA wire actuators. Each actuator is
controlled independently via a built-in integrated circuit located in each link. This method
reduces the number of wires in the manipulator to three: current source, ground and

control voltage.

Figure 2-2: Active hyper-redundant endoscope [28]

Without a protective outer shell, each joint could achieve a bending angle of about 47°
with a complete SMA transformation cycle of about 1.8 seconds [28]. The endoscopic
actuator shown in Figure 2-3 is composed of parallel single DOF joints, actuated by two
antagonistic SMA strips. Each 6mm diameter joint could achieve a stroke of +15° without

I3

a protective shell [36].



Figure 2-3: Endoscopic actuator [35]

It was also found that the compact design and insulating material protecting the SMA
strips resulted in non-uniform cooling and low heat dissipation. From Figure 2-3 it is also
clear that a large number of joints would lead to wiring issues. Shown in Figure 2-4 is a

similar endoscopic tool developed by the Laboratoire de Robotique de Paris [44].

Joint axie

Figure 2-4: One DOF joint of a tubular endoscopic manipulator [44]

As opposed to the previous design, the actuators are located on the periphery of the
structure. This architecture provides room for the various wires and cables and increases
the heat dissipation capabilities of the actuator. Preliminary tests on a bare section of the
manipulator demonstrated that the joint could achieve a stroke of +15° [44]. Studies have

also shown that the effects of an outer shell become more pronounced as the manipulator



is miniaturized. As an example, the micromanipulator designed by T. Mineta has a 50°

stroke without the outer tube and a 35° stroke with the outer shell [30].

On the macroscopic scale, recent hyper-redundant manipulators focus on applications
in self-transforming robots and camera placement and light positioning in the biomedical
field [11]. Figure 2-5 illustrates three experimental binary hyper-redundant manipulators
developed at the MIT robotics laboratory. The three designs are based on the assembly of

modular parallel platforms controlled by three actuators.

Figure 2-5: BRAID binary hyper-redundant manipulators: a) dielectric polymer actuators [11], b) magnet-

coil actuators [17], and c) antagonistic SMA actuators [12]

The manipulators of Figure 2-5 a) and b) are equipped with discrete mechanisms
which lock the actuators in fixed states. The bistability is achieved using the snap motion
of buckling beams; this mechanism gives the device high repeatability, accuracy and
maintains the desired configuration in the presence of disturbances [17]. All the
manipulators are fabricated from lightweight and fatigue resistant material and are able to
support moderate payloads. However, compared to the active catheters of Figures 2-3 and
2-4, the BRAID manipulators were not designed to accommodate a protective outer

sheath and the numerous components and linkages are exposed to environmental factors.



2.2 ACTUATORS FOR MINIATURE MANIPULATORS

2.2.1 Summary of Actuation Methods

Robotic devices use many different types of actuators according to the required stroke,
force, weight, dimensions, work capacity, frequency and efficiency. Moreover, the
characteristics of a’single actuator type or family can also differ depending on shape, size,
configuration and application [2]. For practical applications, selecting an actuator can be
achieved by reviewing actuators in existing designs and current actuation methods.
Several studies also exist which numerically compare actuator families. Ashby et al.
proposed a detailed analysis that uses normalized characteristics such as strain, stress and
density to compare actuator families [1]. The results of one of these comparisons are

shown in Figure 2-6. Similar plots can be found in Appendix A.
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Figure 2-6: Actuator work capacity versus weight (adapted from [1])

In the case of hyper-redundant manipulators, the number of actuators becomes very
large and weight becomes one of the most important constraints in the actuator selection.

Actuator families located at the left side of Figure 2-6 demonstrate the lowest weight to



work ratio. These include all actuators in the smart materials category: piezoelectric,

electroactive polymer and shape memory alloy actuators.

Another study by Kornbluh et al. [24] compared the maximum performance of current
actuation technologies based on several mechanical properties. As opposed to the
previous analysis, the actuator properties are given in tabular form. Again, since each

actuator family was evaluated under different conditions, the values listed are

approximate.
Table 2-1: Actuator performance comparison (adapted from [24])
Maximum | Maximum | Specific Elastic | Maximum | Relative Speed
Actuator Type Strain Pressure | Energy Density | Efficiency (Complete

(%)

| Dielectric Elastomer . 1
Electrostrictive Elastomer

Shape Memory Polymer 100 Slow
Polyelectrolyte Gel >4() Slow
Nanotube >2.5 Medium

Iomc Polymer

 Piezoeleotric Ceramic. | = 001
Magnetostrictive 0.2 70 0. 0027 60 Fast

Electromagnetic 50 0.10 0.003 >90 Fast
Human Muscle >40 0.35 0.07 - Medium

Table 2-1 shows that shape memory alloys and dielectric elastomers have the highest
energy densities. SMA actuators can produce the greatest pressure while dielectric
elastomers can produce the highest strains. It is to be noted that the use of transformation
mechanisms such as rigid links can increase the output force at the expense of strain or

vice versa but that this approach may lead to weight problems.

SMAs have the advantage of being formed to the desired shape and used as a stand-
alone actuator, requiring only a bias mechanism to return the material to its original
shape. Their main disadvantage is that they have a low frequency response due to poor
cooling capabilities and a low efficiency due to inefficient heating. However, they exhibit
the highest energy density of all the materials and appear to be the most attractive choice

in the development of micro-actuators.
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2.2.2 SMA Behaviour Background

Shape memory alloys are composed of two phases: martensite and austenite. The
change between the two crystalline structures is called the thermoelastic martensitic
transformation. The martensite phase behaves ferroelastically due to its self-
accommodating nature (can be deformed to very high strains). As the temperature is
reduced, martensite plates nucleate in the austenite matrix in such a way to produce no
observable strains. Applied stresses induce a reorientation of the martensite’s structure
(detwinning) resulting in large macroscopic deformations [6]. When the material is
heated above the critical temperature, the martensite crystalline structure transforms to
austenite resulting in the recovery of the previous induced strain. This second property is
called the shape memory effect (SME) and is illustrated in Figure 2-7. If the material is
composed primarily of austenite, applied stresses may induce martensitic transformation
and the actuator deforms plastically. The material reverts back to the austenite state when
the stresses are removed and the plastic strain, resulting from the martensite reorientation
is recovered [15]. This third property is referred to as pseudoelasticity (PE). The

schematic representation of each crystalline phase is illustrated in Figure 2-8.

Figure 2-7: Shape memory effect [49]
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Figure 2-8: SMA crystalline structures [39]

A forth SMA property called the two-way shape memory effect (TWSME) has
recently been observed. To obtain TWSME, irreversible defects such as dislocations or
precipitates are introduced in the martensite phase. These defects induce internal stress
fields, which control the growth of the martensite plates [52]. Experiments have shown
that the strain recovery is only in the order of 1% [52]. This property will not be applied
to the proposed actuator design

2.2.3 Possible SMA Actuator Configurations

Nitinol (Ti — 55.8% wt. Ni) is the most common type of shape memory alloy used in
actuators. It comes in wire, ribbon or sheet format, and can be laser cut, electrochemically
etched or sputter deposited [13,15]. Most SMAs have a maximum transformation strain
of around 8%. To obtain larger displacements, the material strain orientation could be
offset from the actuator strain by reorienting the SMA material or by using linkages to
convert force into displacement. Geometrical reorientation of SMA wires is used to
increase the total displacement in the actuator proposed by Grant and Harvard. This was
accomplished by weaving several SMA wires in a counter-rotating pattern around

supporting disks as seen in Figure 2-9 [29].

12



Figure 2-9: High strain SMA actuator [29]

With this configuration, the total actuator displacement is increased by a factor of
1/(cos8) with respect to the displacement of the individual SMA fibres. Compared to
pneumatic and electromechanical actuators of similar size, the actuator of Figure 2-9 can
produce forces up to 400% higher for similar strain [29]. This design is limited to axial
motion. Most hyper-redundant ménipulators illustrated in the previous section are
equipped with SMA bending actuators to produce multiple DOFs. Figure 2-10 is an
example of a single DOF actuator activated by an SMA strip operating in bending mode.
At the maximum current level, the end-effector of the catheter could achieve a 60°

bending angle with a protective outer shell [30].

g\:{ (.5

. . . Spacer
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Figure 2-10: Catheter actuated by a SMA meandered beam [30]
Bending actuators were also used in rotary joints. An analysis by K. Kuribayashi

compared the strength, ability to memorize original profiles, joint making and

downscalablility of different SMA configurations attached to a miniature rotary joint
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[25]. Figure 2-11 illustrates the six SMA actuator configurations evaluated: a) torsional
spring, b) sinusoidal spring, c) spiral spring, d) meandered flat sheet, ¢) beam, and f)
circular beam. Each actuator was given a qualitative rating between easy and difficult for

each characteristic and the results are listed in Table 2-2.

These observations demonstrated that, except for type (d), all actuators exhibited
similar strengths but that only the beam elements could be effectively connected to the
linkages (due to the large surface area available for bonding). It was determined that the
circular beam type actuator was the most apt to be used as an actuator in a miniature

rotary joint.

o
a) 1 af N .0
Figure 2-11: Several types of SMA shapes [25]
Table 2-2: Comparison chart [25]
Type | Memorizing Strength Setting Down-
Profile SMA to link | scalability
a) m] o ] 0
b) | o o |
c) =) 0 o |
d) 0 o A O
€) A o o A
1) o o) o o

o:easy A:moderate n: difficult
2.2.4 SMA Actuator Control

Heating SMAs above the austenite finish temperature induces the phase
transformation and is most commonly achieved by electrically heating the SMA element.
Several methods exist to control the transformation rate and steady-state temperature of
the SMA actuator. The simplest approach consists of measuring the temperature increase

directly using a temperature sensor such as a thermocouple or thermistor. Another

14



method consists of measuring the electrical resistance of the SMA actuator since the two
phases: austenite and martensite have two distinctive resistances [21]. As the temperature
is increased the actuator resistivity gradually increases from around 80mQcm in the
martensite state to 100mQcm in the austenite state (resistivity values supplied by
Johnson-Matthey). This method has the advantage of requiring no additional components.
The actuator resistance can be computed from the input voltage and current

measurements.

SMA actuators exhibit severe hysteresis, which is often responsible for position
inaccuracy in a regulation or tracking system and may even cause instability in some
cases [42]. The memorizing capability of the SMA material also degrades in time as
permanent strains are generated within the martensite matrix [52]. Feedback control,
neural networks, pulse-width (PW) and pulse-width pulse-frequency (PWPF) modulation
are just some of the control methods used to overcome these challenges [21,41,42].
However, this study is limited to the design and fabrication of the composite SMA
actuator. As it will be mentioned in Chapter 5, the actuators are to be discretely

controlled, eliminating the need for any feedback control.

15



Chapter 3:
Proposed Design

3.1 ACTUATOR DESIGN

In the previous section, it was shown that most SMA actuators used in high
displacement manipulators operate in bending mode. SMA flexures provide large forces
and displacements but require mechanisms such as links to transform the rotational
motion into linear motion. SMA spring actuators are capable to producing large
displacements but, as mentioned in K. Kuribayashi’s experiments, are difficult to fasten
in miniature manipulators [25]. High surface area actuators such as beams are easily

bonded using temperature resistant epoxy.

3.1.1 Composite SMA Actuator Design

With this in mind the sinusoidal actuator shape (b) and the circular beam shape (f) in
Figure 2-11 could be combined to produce linear motion while taking advantage of the
large surface area of the beam. The preliminary design for such an actuator is shown in
Figure 3-1. SMA actuators have the disadvantage of having low frequency responses but
their use is justified by their very high work capacity; however, the actual work capacity
of the actuator is often much lower than the maximum rated value due to the geometric
configuration of the actuator. The entire straight segment shown in the enlargement of
Figure 3-1 has little effect on the actuator’s total performance. It simply serves as a link

between each circular section to convert the rotary motion into linear motion and
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generates unnecessary heat during actuation; which reduces the cooling capabilities of the

actuator, especially in confined environments.

/ . Linear

/S Section '

’ e Clircular
~y, Section!

Figure 3-1: Actuator design

A solution to this problem involves the reinforcing of the straight segments of the
actuator with small metal panels to reduce bending in that region. The use of conducting
epoxy and low resistivity metal panels (or films) lowers the heat generated in that region
by reducing its resistance. During the cooling cycle the straight portion may also act as a
heat sink, which should improve the frequency response of the actuator (since the

frequency response is dominated by the cooling capabilities of the actuator).

A schematic diagram of a section of the proposed composite SMA actuator is shown

Figure 3-2 (the dimensions of the epoxy layer and metal film are not to scale).

Conductive
Epoxy Layer

Figure 3-2: Composite SMA actuator
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3.1.2 Geometric Constraints

Several geometric relations were needed to obtain the actuator force and displacement
curves. From the actuator profile shown in Figure 3-3, the unit section is separated into

two parts: a circular segment of length /¢ and a straight segment of length /.
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Figure 3-3: Profile of SMA sheet actuator

Assuming the straight segment remains flat throughout the cycle, the following

relation can be obtained given both lengths remain constant.

R,6, = RO

3-1
RO =1, e

where Ry and 6, are the initial radius of curvature and angle of the actuator and R and &
are the varying parameters. For circular beams, the neutral axis does not pass through the
centroid. The neutral axis, represented by Rcg, is located somewhere between the internal

radius and the centre of gravity and is given by:

A

R =t 3-2
“ [(darr) -

where A4 is the cross-section area. Solving (3-2) for a rectangular cross-section results in
(3-3).
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R =t/In(r, /1) (3-3)

where ¢ is the thickness of the sheet and 7; and r; are the initial internal and external radii
of the bend. Using the equations above, relationships between the endpoint (xg yg) of the
section and the angle @ can be obtained. Since the length of the circular arc and the

straight segment remain constant, xg and yg are derived from Figure 3-3.

xy; =(R~Rcos@)+1,sind

=R (1 _ co50)+ 1, - R,0,)sin0

Xg
. 3-49
Yy = Rsin@ +1, cosd
R,6
Vg = %Siné’ +(I, = R0, )cos b
In the numerical implementation d@ is the control variable, where:
0=0,-do (3-9
| ! —C
5 r Centre of
I R, 3 l Curvature ()
I, T | NeuwalAxis | _ H«m
t <&
. _L < - b #

Figure 3-4: Radius of curvature

3.1.3 Approximate SMA Model
Due to the complex elastoplastic properties of the SMAs, the derivation of a complete

model is complex and time consuming; therefore, an approximate model was used to

€
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obtain initial estimates of the required SMA actuator profile [25]. It will be shown at the

end of this chapter that the maximum force required to bend the manipulator is 3.8N.

The maximum variation in the angle 8 is constrained such that the strain at the surface
of the sheet does not exceed 3%. Studies have shown at this strain level, the SMA
material could sustain as much as 10* cycles [20,23]. In curved beam bending, the strain

varies hyperbolically along the cross section and is given by:

AO(R-
8(r)=7( r”) (3-6)

where for simplicity, @ is set to &y and the radius of curvature R is assumed to remain
constant as theta changes. Equation (3-6) is only valid for small changes in 8. To
determine the stress at each r location of the beam, it is assumed that both austenite and

martensite phases contain elastic and plastic components.

4
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Figure 3-5: Approximate stress-strain response of austenite and martensite [3]

From the stress-strain relationship of Figure 3-5, the relation for the stress in the plastic

region is given by:
O pea,u) =O-Y(1_H/E)+(£T _gy)H . 3-7)

where H is the equivalent plastic modulus, E is the elastic modulus and &7 is the total
strain. Although the austenite phase exhibits very low pseudoelasticity compared to the

martensite phase, the relation below is applicable to both phases since, as the stress is
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increased, the austenite phase transforms into martensite (assuming the temperature is not
well above the austenite finish temperature). Using the strain field obtained from (3-6),
the stress o(7) is generated for every unit area of the entire cross-section for both the full
.austenite and full martensite states. The moment M generated by these stresses is

calculated numerically with the following equation, where w is the actuator width:

M = wi O'(r)(R - r)dr (3-8)

r=ri

The moment increases as theta is varied from 8y to 8y + dB,. and the output force is

Fo)=M (6% ©) 3-9)

The austenite and martensite material properties E, H and ¢, were obtained from a

given by:

study on the one-dimensional behaviour of shape memory alloys [5]. To determine the
feasibility of the design, the test case actuator dimensions were selected based on material
availability and preliminary design constraints. Both SMA material properties and
actuator dimensions are listed in Table 3-1. The output force-displacement plot was
obtained by solving (3-4) to (3-9) and the results are shown in Figure 3-6 for both the

austenite and martensite states.

Table 3-1: Material and geometric properties

Parameter 4 Symbol Units | Value
Martensite elastic modulus Ey MPa | 67000
Martensite plastic modulus Hy MPa | 678
Martensite yield strain &M % 0.185
Austenite elastic modulus Ey MPa | 67190
Austenite plastic modulus H, MPa | 900

Austenite yield strain €4 % 0.647
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Figure 3-6: Approximate force-displacement of end-effector

The output force generated by the transition of martensite to austenite is close to the
target value of 3.8N with deformation strains of over 100% while the size of the SMA
sheet remains acceptable. These results justified the application of a constitutive SMA

model to the proposed actuator design.

3.2 MANIPULATOR DESIGN

3.2.1 Inherent Problems in Existing Designs

The SMA actuated manipulators described in the review section use either a bias
spring or antagonisﬁc actuators to provide the actuator return force. The return force is
defined as the force required to extend the actuator to its un-actuated state after actuation
(to convert twinned martensite into deformed martensite). Springs provide stiffness to the
manipulator structure and in some cases are used as an outer shell to separate the internal

components from the working environment. Antagonistic actuators are actuator pairs that

&
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provide each other’s return force. This arrangement offers the ability to control the

structure’s stiffness level and eliminates the spring component from the design.

Several complications are inherent to both designs. First, manipulators driven by
antagonistic actuators require twice as many actuators and wires. Also, to maintain a
relatively constanf stiffness, at least one actuator in each link must be maintained in the
ON state. With the bias spring design, the output force of a bias spring is linear with
respect to its displacement; which implies that the actuator must produce a maximum
force at the desired final position. Subsequently, the addition of a spring increases the
weight of the manipulator, raising issues in hyper-redundant manipulators with a large

number of modules.

Moreover, since most of the aforementioned manipulators operate in sensitive, harsh
or liquid filled environments, they require a protective outer skin to protect the actuators
from the exterior and for delicate operations, or to protect the sensitive environments
from the internal components. The protective skin reduces the performance of
manipulator by introducing additional constraints and by confining the actuators

(reducing the cooling capabilities of the actuators).

3.2.2 Pressurized Hyper-redundant Manipulator Design

The proposed solution combines the outer skin and bias spring into one mechanism.
Pressurized air, pumped in at the base of the manipulator, provides the necessary actuator
return force and maintains a semi-rigid manipulator structure. Simple calculations have
demonstrated that the pressure in a contained four-stage miniature manipulator would
increase dramatically if only several SMAs were actuated simultaneously. In addition, the
pressure would gradually increase as the air temperature in the structure rises (as a result
of heating the actuators). The performance of each subsequent actuator would diminish as
a result of the increasing pressure. In order for the high-strain/low-force actuators to
function in parallel the pressure should have to remain relatively constant. This could be

accomplished in two different ways. First, a relief vessel could be connected to the
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manipulator to absorb the pressure variations. Changing the volume of the relief vessel
could control the internal pressure and the stiffness of the manipulator. The second option
would be to pump air in the manipulator and control the airflow at the exit. This solution
has the disadvantage of requiring additional components such as valves, tubing and an air
compressor, which would increase the overall weight and the power consumption of the
system. On the other hand, it would maintain fixed environmental conditions (ensuring
repeatability) and would decrease the cooling time of the SMA actuators (ensuring a
better frequency response). From a fabrication and controllability point of view, the
ventilated system appears to be the better solution. With this in mind, the conceptual

design shown in Figure 3-7 was proposed.

Section View Actuator View

Figure 3-7: Prototype design

Figure 3-7 illustrates a single unit module of the proposed four-module manipulator.
Item #1 shows the position and arrangement of the SMA actuators. The three actuators
provide three degrees of freedom: pitch, yaw, and vertical linear motion. The four-stage
manipulator would then have a total of 12 degrees of freedom, leading to 2'% (4096)
different manipulator configurations. The outer shell (item #2) is designed as a miniature
bellows to provide little resistance in the direction of motion. It is manufactured using
highly flexible polyurethane rubber. The actuators are fixed to the lightweight fibreglass
support plates (or vertebrae) shown by item #3. The plates have a centre hole and three

smaller holes at the periphery to provide air circulation.
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The forth component is a highly ﬂexiblé porous ventilating tube. Its purpose is to
evenly distribute the cold air to all sections of the manipulator. In theory, the size of the
ventilating holes in the tube should diminish as the unit module is actuated, to reduce the
amount of cold air pumped in that section. As the section stretches to its original length,
the holes in the inner tube increase and air is allowed to flow in that section. Figure 3-8
shows the direction of airflow through the ventilating tubes to the actuators of the

manipulator.

Figure 3-8: Airflow path

3.2.3 Static Analysis

A simple static analysis was performed to determine the approximate forces required
to maintain adequate structural integrity. The performance criterion is as follows: the
manipulator should remain in a horizontal position when fully stretched. It is assumed
that the minimum pressure should be greater or equal to the maximum compressive
stresses generated by the bending moment at the base of the first unit module (assuming
the manipulator has a rigid structure). Figure 3-9 shows the positions of the acting forces

and the resulting moment.

Figure 3-9: Manipulator free-body diagram

25



To avoid ﬁnderestirnating the required forces, the weight of the unit module is taken at
the tip of the supporting plate and the resulting moment is calculated at the base of the
manipulator. The dimensions / and d are the length and diameter of the unit module and
are set at 30mm and 20mm respectively (note that / is the maximum length in the un-
actuated state). The mass of the unit module is estimated based on 1) early experimental
prototypes, 2) CAD weight estimations and 3) material volume. The mass of each

component and the method of estimation are given in Table 3-2.

Table 3-2: Unit module mass breakdown

Component | Method Mass [g]
Actuator 2 0.2/each
Support Plate 3 1.0
Wire 3 1.0
Bellows 1 1.4
Epoxy 3 0.5

Total 4.5

The moment is calculated using the following equation:

M =WL+2WL+3WL+4WL =10WL (3-10)

The maximum compressive stress g4y is located at the bottom of the first module and

is given by:
Oy =Mr/S, S=n*r*/4 G-11)

where S is the moment of inertia for a circular section and r is the unit module radius. For
the manipulator to remain in a horizontal position the minimum pressure must be greater
or equal to the maximum compressive stress, or P > ou4x. The maximum force F), applied

to the unit module is simply the stress multiplied by the area.

F = pP* Asecrion
N (3-12)
F, =0ux * Asecrion
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Solving (3-10) to (3-12) results in an internal pressure of around 17kPa and a force of
5.4N, however the individual actuator force would be slightly lower than the rated value
due to the offset location of the actuator within the module. Neglecting the gravity
effects, the approximate actuator forces were computed based on the diagrams of Figure
3-10. Due to the low resistance of martensite, the effects of the un-actuated SMAs were
neglected and the actuator forces depend only on the number of actuated SMAs and the
pressure force F,. The actuator forces are computed for three cases: one, two and three
actuated SMAs. The free-body diagrams for the three cases are shown in Figure 3-10,
where the subscript 0 represents the un-actuated side.

Fp Fp Ti;, Fr
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Figure 3-10: Actuator force and moment diagrams

In the single actuator case, the actuator force is given by (3-13).

R F
F, = 7 -
@ [R +R, J( sin(y)) G-13)

As stated in the following chapter, R = 10mm, R; = 6mm, F, = 5,4N and ¥prex = 75°.

For the second case, the actuator force is given by:

F
F, =2 = — (3-14)
* 2{R+R, sm(;/)

Where R; = 3mm and )y, = 60°. In the third case the actuation force is simply given

by:
F, = F% (3-15)
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The resulting actuator forces are F,; = 3.8N, F,; = 2.4N and F,;; = 1.8N. In the case of
the fully un-actuated module, the actuator lengths are equal to the maximum bellows

length.
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Chapter 4:
SMA Actuator Model

The results obtained from the approximate elastoplastic analysis demonstrated that a
sinusoidal shape sheet miniature actuator was capable of high strains while satisfying the
force requirements of the proposed manipulator. The following analysis explores the
shape memory constitutive behaviour in order to obtain a better assessment of the

mechanical characteristics of the actuator.

Early constitutive models focused on the unidirectional tensile properties of SMAs
[45]. In 1996, J.G. Boyd proposed a bi-directional model in which the applied strain was
decomposed into elastic, temperature and phase transformation components using a free
energy function and dissipation pdtential [4]. C. Lexcellent proposed a micromechanical
model based on the Helmholtz free energy expression that could describe the
intermediary martensite states (twinned and detwinned) [27]. This model was expanded
by Tanaka to include the effects of local back stress on the volume fraction of martensite.
In recent years, models based on the microscopic behaviour of SMAs were developed in
which the overall properties could be obtained using an averaging process [22]. However,
most constitutive models offer only quantitative descriptions of the SMA behaviour for
specific actuator configurations and are by no means capable of describing the complex
constitutive behaviour of all actuator types. The two-phase model proposed by X. Peng
was used to model the SMA sheet actuator proposed in this study [37]. This mlodel is
based on the concept that an SMA is dynamically composed of austenite and martensite,
and the constitutive behaviour is a dynamic combination of the elastic behaviour of
austenite and the elastoplastic behaviour of martensite [37]. This model was chosen for
its relative simplicity and its ability to treat stresses and strains independently. The latter
is critical in the analysis of the bending actuator since the internal stresses vary along the

i

SMA cross-section.
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4.1 TWO-PHASE CONSTITUTIVE MODEL

4.1.1 Model Description -

The following sections describe the two-phase constitutive model established by X.
Peng and its application to the proposed SMA actuator [37]. The model describes the
evolution of the volume fraction of martensite based on ‘temperature and stress or strain
inputs. It assumes that the material is plastically incompressible and that the
transformation lattice volume change is negligible compared to the lattice shear
deformation [43]. It also assumes that the material will be subjected to small
deformations and that the strain rate or stress rate is small enough such that the
martensitic transformation stress and work dissipation remain relatively constant [46].
Algebraically, the macroscopic deviatoric stress s and volumetric stress oy of the two-

phase SMA model are represented by:

O =0y O O3
S=S4+su=| 0oy Oy — O Oy
Oy Oy Oy — Oy

@1

where the subscripts 4 and M represent the austenite and martensite contributions to the
overall stress. It is assumed that in a polycrystalline SMA there is no relationship
between the stresses in a SMA and its two phases [43]. The deviatoric strain e consists of
an elastic component €°, a plastic component ¢ and a phase transformation component

e’

e=e°+e’ +e” 4-2)
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With the assumption that the overall strain e and the transformation strain e’ are

identical for both phases, the conventional mixture theory states that:

o) (c}kij = o)y
sa=[1-&)s, [&kij =(1-¢)ow),

4-3)

where ¢ is the volume fraction of martensite, s,, and (o)), are the respective deviatoric
and volumetric stress components of martensite and s4 and (oy), are the respective
deviatoric and volumetric stress components of austenite. To account for the dynamic
change in volume fraction, the deviatoric stresses of (4-1) can be rewritten in a more

general form,

54 =§A(e,eT,T,§), Su =§M(e,eT,T,§,p(") (4-4)

Where T is the temperature and p™ is a set of internal variables related to the irreversible
deformation characteristic of the constitutive behaviour of martensite [37]. The internal
variables p® are illustrated in the mechanical model proposed by W.D. Iwan. Elastic and
plastic components are represented by a parallel set of springs and dashpot elements as
shown in Figure 4-1 [31].

Sa
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Figure 4-1: Mechanical model of the stress of martensite (adapted from [37])
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The internal variable p® corresponds to the displacement of the dashpot element D,

th

and the total displacement of all the r" elements corresponds to the plastic strain

component ¢, the variable E, is related to the stochastic internal structures and the
energy stored in E, corresponds to that stored in the micro-stress fields induced by the

respective pattern of defects at the micro level [37]. The dashpot elements D, have a
macroscopic average plastic damping coefficient a, and the spring elements E, have a
macroscopic average stiffness E,, both function of temperature and martensite volume
fraction. O is the generalized force conjugated with the r™ internal variable p™ and the

following inequality should be satisfied if any change occurs to p® [14].

()

0" :dp" >0 r=12,..n @-5)

The colon operator represents a tensor contraction, where,

X:Y:Z_>Xcd ZZYabZabcd’ (4'6)

and  A=B:C— A= ZBfg f

The deviatoric martensite stress is equal to the summation of all the Q @ elements.

su=30" @-7)

r=1

From Figure 4-1, é @ relates to the spring and dashpot elements with the following

relationships:

0" =C(r.&fe" - p"), 07 =ar(r. )", “8)

P. Sittner et al. [40] have demonstrated that under biaxial loading conditions some

SMAs did not obey the von Mises rule of equivalent stress (did not show isotropic
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response). The generalized time variable z was introduced to describe this phenomenon.
It accounts for anisotropic material properties through the tensor of rank four P and the
change in plastic damping capabilities of the dashpot elements f{z). The generalized time

is represented by the following relationship:

d¢ 2 P P
dz =—2~, dc) =de” :P:de 4-9)
f(z) ()

In this case de” is a 3x3 tensor of rank two (3x3 matrix) and P is a 3x3x3x3 tensor of

rank four. In the case of the double contraction of (4-9), dc is scalar.

The differentiation of (4-8) results in:

—(r) - 1 6‘67‘ 1 aEr —(r) Cr
dQ  =C.AT,E)de” +| =——=dT += dé—a,dz , Q, ==— (4-10)

Substituting this result into (4-7) yields:

dsy =3 d0" = 4de” + Bdz + CdT + Ddé @-11)

r=1

where,

aEr —(r)

0C, =(n == :1_ 0 @12)
r=1 Cr aé‘:

=1
—_ Y D=
r=1 Cr aT Q

4=%C,, B=->0a,0", C=
r=1 r=1

It is known that the temperature-induced reverse martensitic transformation causes the
recovery of the distortion lattice, which is related to both the current states of plastic
strain and martensitic phase transformation strain [37]. The variation in phase

transformation strain is assumed to behave linearly.
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de” = lk, (eP +e’ %dT—‘%dT‘ (4-13)
2 oT oT

where k; is a material constant. The variation in phase transformation strain occurs only

during the reverse martensitic transformation (when (¢”+e”) # 0 and ((8& /0T)dT <0).

The deviatoric elastic response of austenite and martensite are related to the

macroscopic average shear modulus G au through the following relation:

Sir =25M(T,§)(e—eP —eT), S4 =25A(T,§)(e-eT) (4-14)

The differential of (4-14) yields:

dsu =2G y (de—de” — de T) 0Gu 4, 0Gu 4|
Gu | oT o¢

dss =2G(de-de” ) 0G4 4p , 0G4 4
GA oT 0s

The volumetric stress for austenite and martensite and their differentials are given by:

() =3K u(T,&)e,, ~30,, (TXT-1,))

- — (“-16)

(04 ), =3K 4(1, )y 30, (TXT-T,)]
— 1 0Ku (=
(doa )y =3Kudey +—— agM( )y dE
{éag—TM(Ekk)M —9%KM(T T,)- 9GMEM:|dT,

@17)
(dow), _3KAdgkk+_1 0K (2., de
K4 08
1 6K oa
~9%%4 K (T -T,)-9a,K 4 |dT,

J{KA or (o). o7 KAl —To)-9, A}
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In (4-16) and (4-17), T} is the reference temperature, e is the volumetric strain, K (T, &)
is the macroscopic average elastic volumetric modulus and a(T') is the thermal expansion

coefficient for both martensite and austenite.

K. Tanaka suggested an expression for the volume fraction ¢. It states that the volume

fraction is a function of temperature, applied stress and material properties [45].

_{l—exp[~AM<MS+BM0'e—T>] ASM

= 4-18
expl- 4,(T - (4, +B,0,))] M 4 @19
where,
¢ if¢>0
()= {o <0 4-19)
The differential of (4-18) is given by:
A, (1-&)B, do, —dT |
;e w(1-¢XBydo, —dT) A->M w20)
~A4,E(dT - B, do,) M4

The parameters Ms and As denote the martensite and austenite transformation start
temperatures, the material constants Ay, By, A4 and B, are related to the phase

transformation and the equivalent stress o, is defined by:

o, =1f%s:P:s 4-21)

4.1.2 Analytical Simplifications

It was found that the effects of temperature on the material constants could be
neglected [37]. The material studied, Au-47.5 at. % Cd, did not show any signs of

isotropic hardening and behaved isotropically under uniaxial behaviour, therefore f(z)
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was set to 1 and P was set as the identity tensor. This simplification is also made for the
Nitinol shape memory alloy used to fabricate the actuators since its mechanical properties
are closely related to the Au-Cd memory alloy. The following austenite material relations

are simplified under these assumptions:

Ga=01-¢)G°
_A ( 5) 4 @-22)
Ka=(1-¢)K}
And,
5 = GO —‘r = 0
M é M a far (4_23)

Ku=""  C =&

All material properties are taken at the reference temperature 7y, as indicated by the
superscript 0. The material properties can be determined experimentally using a tensile
test as described in Appendix B. The equivalent stress o, being no longer dependent on

the material properties is simply given by:

O, =.=s:5 (4-24)

And the generalized time becomes:

dz =\de” : de” (4-25)

4.1.3 Numerical Implementation

The two-phase constitutive model can be used in either stress or strain control mode.
Since the stress field in the sheet actuator is difficult to obtain due to geometry, strain is

chosen as the control variable. Several manipulations were required to compute the
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internal variables using the strain control mode and these were obtained from the paper
presented by X. Peng [37]. The differential of the deviatoric stress of martensite in (4-15)

was combined with (4-11) to generate::

(Z +2Gu )deP =—Bdz +dy (4-26)
where,
dy =2Gy(de—de")- C-Su 00u gy |- 5m 0Gu e 4-27)
Gu OT Gy 0¢

Substituting (4-26) into (4-25) yields:

[rmr——

E:E—(Z+2(_}M)2szz—(2§:dy_/)dz+dazdy7=0 (4-28)

4.1.4 Algorithm

The SMA actuator is subjected to temperature and extension variations. The maximum
actuator extension £, is computed based on the 3% maximum surface strain, where y, is

calculated with (3-4).

E =ye(00—d0max)~ye(00)

. (4-29)
Ve (90 )

The d6 history was obtained by solving (3-5) for a given actuator strain history. The
SMA cross-section strain history was then acquired with (3-6) and then converted into

deviatoric strain e and volumetric strain & according to (4-30).

37



n €n &y &y €k 23 €13
&= 821 822 832 b4 gkk ) €= 821 822 —gkk 823 (4-30)

&3 €3 &3 €y Ey 33 — &y

With the temperature and deviatoric strain histories, d¢ and de” were obtained via (4-

16) and (4-10) respectively; dz was obtained by solving (4-25) followed by de” and
d0" with (4-23) and (4-7), and then dsy with (4-8). On the other hand d's 4 was simply

calculated using (4-12) and the total deviatoric stress s was calculated with (4-1).

To obtain the actuator output force and displacement, the cross-section of the SMA
sheet is divided into 51 partitions. The algorithm runs through the entire strain and
temperature history for each partition. The actuator moment M and output force F are
then calculated using (3-8) and (3-9) respectively and plotted against the total strain E. A
flow diagram of the numerical calculations is shown in Figure 4-2 and the source code

for the two-phase constitutive model can be found in Appendix C.
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Figure 4-2: Model block diagram
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4.2 SMA AND ACTUATOR RESPONSE

The validity of the constitute model proposed by X. Peng was assessed using the
detailed results of the uniaxial behaviour of SMA Au-47.5 at.% Cd provided by N.
Nakanishi [34]. To satisfy the requirements of both accuracy and efficiency in the
analysis of practical engineering problems, » = 3mm in (4-5) through (4-7) and (4-10)
through (4-12) [47]. Material properties of martensite and austenite for NiTi SMA were
obtained from the manufacturer: Johnson Matthey.

G, =13.0 GPa, G} =31.0 GPa, v, =v,=0.33.

The other parameters were extrapolated by comparing the material properties listed

above with the ones presented in X. Peng’s analysis.

C?,,=550,13,1.3 GPa, a,,,= 28000, 750 80,

Ap, Ba, Am, By = 0.45, 60, 0.25, 30, ki=3.2,
Ag, Ar, Mg, Mr = 345, 358, 331, 303 K.

To examine the ferroelastic property of martensite, the temperature was maintained
below the martensite transition finish temperature My and loaded to the maximum strain
of 3%. Figure 4-3 illustrates the elastoplastic deformation and the large residual strains
present after unloading. In Figures 4-4, 4-5 and 4-6, the vertical axis represents the

maximum positive stress located at the surface of the SMA strip.
In Figure 4-3, the actuator reached a maximum stress of 43.4 MPa. This is

approximately 2% times higher the maximum stress reached by the SMA Au 47.5 at.%Cd

which has a shear modulus three times lower than NiTi.
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The pseudoelastic behaviour occurs as the temperature is close to the austenite
transition finish temperature Az, Figure 4-4 shows the behaviour of both austenite and
martensite phases at a temperature of 7' =~ 4Ar = 84°. Although the austenite phase was

assumed to be elastic, the combination of both phases is pseudoelastic.

Under no load, the material is completely composed of austenite. At the approximate
strain of 1.5% the term Mg + Byo, surpasses T and induces martensitic transformation.
Upon unloading, the reverse martensitic transformation occurs as 4s + Byo, falls below
T. The saw tooth shape of the austenite curve in the forward martensitic transformation
region may have been caused by the lack of smoothing functions on the differential stress
variable, however it will be shown that the actual SMA material exhibited a similar
response under an applied tensile load. The model shows identical results for negative

strains. The results can be found in Appendix D.

The SMA actuator response at different temperatures is shown in Figure 4-5. At
temperatures well above the austenite finish temperature (7= 112 °C > A = 85 °C), the
response is almost completely elastic and the hysteresis loop is almost completely
eliminated (the SMA was composed of over 96% austenite). Raising the temperature to
127 °C (400 K) completely inhibits martensitic transformation. The material remains in
the austenite phase and the response is completely elastic. For temperatures below the

austenite start temperature (7' < Ag = 72°C) the SMA is composed entirely of martensite.
The output force characteristics of the actuator were obtained from (3-8) and (3-9).
The initial shape parameters of the actuator are listed below, where ¢ is the thickness and

w is the width of the SMA strip. The force-displacement results are shown in Figure 4-6.

I=4+1)=2Tmm, r~=04mm, ¢=0.070mm, w=7.0mm.
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The two-phase constitutive model demonstrated that the sheet actuator is capable of
larger forces and larger displacements compared to the estimated output force generated
using the elastic-plastic model of Figure 3-5. The output force of the actuator is
approximately 1N greater for SMA sheet thickness 37% thinner and a narrower width
(higher forces can be obtained by increasing the width of the SMA strip).

Due to the elastoplastic behaviour of martensite the actuator response at 345 K
exhibits a negative output force as the strain decreases. This residual force is quickly
recovered as the temperature is increased above the austenite start temperature. This

behaviour is of no concern since the actuator does not operate in this region.

4.3 ACTUATOR SIZING

4.3.1 Geometric, Material and Electrical Constraints

The maximum allowable space is defined to obtain the maximum force output from an
optimally sized actuator. The shaded regions of Figure 4-7 represent the space available
to the un-stretched SMA actuator based on a 20mm internal diameter. The design allows
for a 2mm gap between each actuator and between the actuators and the outer wall. The
latter is expected to increase once the actuator is stretched within its working range. From

the figure, the maximum size of the actuator is 4mm long by 7mm wide.

It was found that high training strains could induce cracks in the SMA material. In a
study by C.D. Lagoudas [26], a maximum training strain of 10.5% was used in
experiments on Nitinol wire. The proposed actuator is formed using flat SMA strips and
the maximum training strain is dependent on the radius and on the thickness of the strip.
- The length Ly at the centre of curvature Ry remains constant during the bending process

and the maximum strain occurs on the outer edge at 7, as seen in Figure 4-8.
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Figure 4-8: Bend radius

The following relation gives the strain on the outer surface of the bend:

%MAX=(rl+t)ln At -31)

With the maximum training strain of 10.5%, the maximum SMA sheet thickness was

calculated for several radii.

Table 4-1: Maximum SMA sheet thickness

Bend Radius [mm] | Strain % Thickness [mm]}
0.26 10.57 0.059
0.30 10.56 0.068
0.34 10.55 0.077
0.38 10.54 0.086




The actuator’s electrical resistance is primarily a function of the SMA cross-section.
The power requirements depend on the largely on the SMAs resistance and, to a certain
extent, on the actuator shape and local environment. A list of several SMA actuators and
their heating currents is given in Table 4-2 and the current per square millimetre is

computed for each case.

Table 4-2: Actuator currents

SMA Shape Reference | Area [mm’] Current [mA] Amps/mm2
Flat sheet [30] 0.011 60 5
Wire [10] 0.050 700 14
Wire [23] 0.018 400 22
Wire [38] 0.070 1800 25
Flat sheet [13] 0.004 100 28
Wire [28] 0.002 60 30

With a current of 5Amps/mm?, a sheet actuator with a width of 7mm and a thickness
of 0.070mm would require approximately 10 Amps to reach the desired temperature.
Therefore, to limit the power consumption, the maximum thickness of the SMA strip was

set at 0.070mm.

4.3.2 Performance Criteria

The unit module of the proposed design can bend in two axes by activating any
combination of one or two actuators and can compress vertically by activating all three
actuators. The goal is to achieve a deflection of over 45° using a single actuator.
Assuming that the length of the un-actuated edge of the outer shell remains constant, the

position of the module and the actuator lengths can be extrapolated from Figure 4-9.

45



ft— = 20—t

45.00°

Lp=30

Dimensions  /
in mm

oy e

Figure 4-9: Actuated unit module

y

The un-actuated length L, of the proposed unit module (when pressurized) is set at
30mm and is assumed to remain constant throughout actuation. The actuated module
shown in Figure 4-9 has an inclination of 45° and an actuator on length of around 18 mm.
The approximate variation of the actuated and un-actuated SMA lengths with respect to
the deflection angle is shown in Figure 4-10.
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Figure 4-10: Actuator length

At an inclination of 90°, the actuated SMA exhibits length reduction of 75% (from the
stretched position) resulting in an actuator length of 8 mm. The length of the un-actuated
SMA also decreases but was not taken into consideration due to the low forces involved.
For the purpose of generating initial geometric parameters, the actuator ON length was set

at 20 mm (for a single SMA strip).
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The two-phase constitutive model adopted in the previous section assumed that the
strains in both austenite and martensite were identical to the overall strain in the SMA
sheet and that the maximum total actuator strain was independent of the martensite
volume fraction [37]. The maximum strain is reached when the manipulator is fully
stretched (actuator in the OFF state). This strain as well as the strain required to obtain the

desired unit module inclination %ges;en are expressed below.

%Uﬁ = . ’ %design = (4'32)

The maximum strain %, was obtained from the extreme right point on the force
displacement plot. The required strain at full actuation %gesien Was determined by
combining (4-31) and (4-32). With L,y = 30mm and L,, = 20mm, the design strain is
given by:

%oy =2 (14% ;) ~1= 2 (14 %, )1 4-33)
L, 3

Once this value was obtained, the actuator output force could be extrapolated from a
force/displacement curve as shown in Figure 4-11. The actuator has a maximum
extension of 255%. To obtain a deflection of 45°, the actuator must compress to 135% of
its memorized length. At this strain level the actuator exerts a force exceeding 4 N. The
upper force plateau occurs during the forward martensitic transformation (A—M) and the
lower force arises during the reverse transformation (M—A). The lower curve was used
to determine the shape parameters of the SMA actuator since actuation is a result of the

reverse transformation.
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Figure 4-11: Actuator force-displacement curve

4.3.3 Geometric Parameter Selection

The output characteristics of several actuator sizes were computed and the design
strains were compared for each case. The first iteration consisted of determining the
effects of bend radii and sheet thickness on the output force. In this trial, all actuators had
the same 4x7mm projected area when un-stretched (see Figure 4-7). Output forces were
plotted for four different radii and five thicknesses. For each radius, the test is performed
up to the maximum rated thickness determined by (4-31). For clarity, only the reverse

transformation load line is presented.
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The shaded area in Figure 4-12 indicates the strain required to obtain a 45° inclination.

It is clear from the figure that the output force is primarily controlled by the thickness of

the SMA sheet. A minimum sheet thickness of 65um is required to achieve the required

force of 3.8N. The output is also directly proportional to the width of the sheet. From a

power consumption point of view, the optimal dimensions are those resulting in the

lowest cross-sectional area since lower cross-sections have higher resistances and thus

lower power requirements. Based on this criterion, the optimum width required to

produce an output force of 3.8N is approximated for several thicknesses and the results

are shown in Table 4-3.

Table 4-3: Actuator cross-section at F = 3.8N

Thickness Width required to Cross-Section Area
obtain F =~ 3.8N

[um] [mm] [mm’]

60 8 0.480

65 7 0.455

70 5.93 0.415

75 5.31 0.398

80 4.8 0.384

85 4.27 0.363

‘ 90 4 0.360
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The results demonstrated that the actuator cross-section diminishes with an increasing
thickness and levels out at a thickness of about 90um. The largest drop in cross-section is
between 65 and 70um. Following the design constraints set in Section 3.2, the actuator
cross-sectional dimensions were selected as 0.070x5.9mm. According to Table 4-1, the
minimum bend radius for a 70um sheet is 0.31mm. The optimal bend radius was found
from the output characteristics of actuators with bend radii between 0.31 and 0.40mm.

The comparison is shown in Figure 4-13.
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Figure 4-13: Actuator force-displacement curves for several actuator radii

The actuator with the smallest bend radius produced the highest displacements and the
highest output forces. Both force and displacement diminished as the radius was
increased. For the purpose of this project, the radius of curvature was selected to be at

least 0.31mm and no more than 0.40mm since higher radii would produce output forces

lower than 3.8 N.
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The un-stretched actuator length was obtained by solving for L, in either the ON or OFF
versions of (4-32) and is equal to approximately 8.3mm. The un-stretched actuator is

composed of 11 circular sections and is shown in Figure 4-14.

Figure 4-14: Scale actuator design
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Chapter b:
Control System

The forward kinematics used in this model is based on the principle of binary
actuation. Although there are no mechanisms restraining the actuators in fixed positions,
the model assumes that each actuator has only two states on the basis that the variance in
actuator length remains small under low end-effector loads. Since there are currently no
closed form solutions to the Jacobian matrix, the transition times between forward and
reverse transformations are also neglected [12]. The complete forward kinematics are
computed ahead of time and the workspace parameters are stored in memory. The
controller is based on the minimum position error. It locates the manipulator

configuration closest to the desired position by searching within the workspace.

5.1 FORWARD KINEMATICS

5.1.1 Initial Approximation

Each state can be defined by three rotational and three translational kinematic
variables and represented by a four-by-four homogeneous transformation matrix. The
triangular configuration of the actuators leads to kinematic coupling and reduces the
number of independent variables to two rotations and one translation: pitch, yaw and
vertical displacement. As mentioned in Chapter 3, each module is capable of eight
different configurations resulting in eight different homogeneous transformation matrices
per module. The fixed frame 0 is located at the base of the manipulator and the moving -

frame 4 is attached at the tip of the end-effector module.
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Figure 5-1: Manipulator reference frame

The forward kinematics for the four-stage manipulator A4y is simply the combination

of the transformation matrix of each module: 4, ; to 43 4.
A0,4 = Ao,1A1,2A2,3A3,4 5-1)

To eliminate the need for complex derivations, specific transformation matrices are

developed for each of the eight states shown in Figure 5-2.

6: 101 7: 011

Figure 5-2: Module configurations

Sincé the actuation system is not truly discrete, the transformation matrix of a
particular stage must also take into account the gravity forces and moments of each
successive stage, however the resulting moments applied to each stage can only be
determined once the relative position of each stage is known. As a result, an

approximation of the forward kinematics was used to obtain the moments applied to each

A
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stage. The applied moments are then used to compute new actuator lengths and a new set

of forward kinematics.

The unit module homogeneous transformation matrix is composed of a rotation matrix

R and a displacement vector X and is given by:

. R }-i X
A, =" oM 5-2)
03x1 1

The rotation matrix R and displacement vector X for states 2 and 5 are given by (5-3),
where Dy, = D,

1 0 0 0
R=|0 cosa -sina X=\D, (5-3)
0 sina cosa D,

The vertical displacement D, is the z component of the displacement vector X and the
horizontal displacement Dj, is the y component. For these two states the displacement in
the x-axis is zero. The relations between the actuator lengths, unit module inclination and

deflection were derived from the cross-section view of Figure 5-3.

Yertehrae Top View Section A4-A
o+~ Z

actusated v

L—R1 +L—J—Eg

Figure 5-3: Unit module cross-section view
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It is assumed that the bellows wall length L, on the un-actuated side of the module
remains constant throughout actuation except for the case in which all three actuators are
activated. It is also assumed that the angle gamma between the actuator lengths and the
vertebra are equal for all three lengths: Z,, L, and L,. The relation between the actuated

and un-actuated length is given by:

(& +R, )L, ~ L)

L =L -
u a + (R +R1) (5 4)
The angles a and y are found by solving:
L —L_Jsi -
éin (a) _ ( » L, )sm(?/ ) , cos(y) = (R+R, )(cos(a) 1) 55)
R+R, L -L,

And the vertical and horizontal displacements, D, and D;, are given by:
D, =L, (1—sin(y))+ Rsin(a), D,=L, cos(y)+ R(cos(a)—1) (5-6)

The actuator forces computed in Chapter 3 equal to F,; = 3.8N, F,; = 24N and F 5 =

1.8N. The actuated lengths were computed based on the elastic response of austenite.

L, =F %EA +1L,, 5-7)

where E, is the approximate elastic modulus of austenite computed from Figure 5-4 and
Lo 1s the actuator length at zero strain. The austenite and martensite properties were
approximated from the diagram of Figure 5-4. The actuated SMA lengths for cases 7, 2
and 3 were computed as 17.6mm, 13.9mm and 12.6mm respectfully. Using (5-4) to (5-7),
the unit module angle o as well as the horizontal and vertical displacements, D; and D,,

were computed and used to construct the homogeneous transformation matrices.

[3
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Figure 5-4: SMA elastic modulus
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The rotation matrices and displacement vectors of states 3, 4, 6 and 7 are obtained by

rotating the results of states 2 and 5 by +£120° about the vertical axis. The 4096

transformation matrices were obtained by computing each state combination and the end-

effector positions are plotted in Figure 5-5. The Matlab m-files for the approximate

forward kinematics and rotational conversions are given in Appendix E.
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Figure 5-5: Workspace approximation
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From Figure 5-5, it is clear that the workspace distribution is non-uniform.
Optimization of the workspace in terms of the density of reachable states the state

redundancy is an area of continuing research and will not be discussed [12].

5.1.2 Refined Forward Kinematics

Based on the approximate module positions, the moments generated by, and applied
to, each module were computed and used to generate a new set of forward kinematics.
With this information, the transformation matrix of each module is adjusted starting with
the end-effector module and the procedure is repeated until the workspace converges.

The refining algorithm is presented below and the source code is given in Appendix G.

o Obtain Ay, and 4y 3.

o Compute 4x, 4y = y94-yo,3 and moments M,, M, = W(Ax) in the global reference
frame (W is the unit module weight).

e Transform moments and forces in the local coordinates of module 3.

o Compute the new A4, ; using one of the eight state algorithms (See Appendix F).

e Using the new A 3, revise Ag 4, Ag 3 and Ay ,.

o Compute Ay, Ax = (xg4-x02)+(x9,3-X0,2) and obtain moments in global reference
frame then transform in the local coordinate system of module 2.

e Obtain the new 4, , using the appropriate state algorithm (See Appendix F).

e Using the new A4; ,, revise Ay 4, Ag,3, A2 and Ag ;.

o Compute Ay, Ax = (xp 4-x9, 1)+ (x0,3-%0,1) +(x0,2-%9,;) and moments in global
referénce frame then transform in the local coordinate system of module 1.

o Obtain the new 4 ; using the appropriate state algorithm (See Appendix F).

o Compute the new Ay 4 and repeat for all other manipulator configurations

e Iterate entire process until the end-effector position is negligible (based on a

selected manipulator end-effector configuration).
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5.1.3 Manipulator Workspace

The sequence of operations is repeated for all 4096 states and the entire process is
iterated until the change in the end-effector position becomes negligible. A manipulator
configuration with an end-effector position located on the workspace periphery is most
likely to be affected by the gravity forces and bending moments. As a result, the
manipulator configuration {4,4,1,1} from the base to the end-effector was chosen as the
reference point in determining the convergence of the refined forward kinematics
algorithm. The end-effector coordinates computed from the approximate forward

kinematics and two iterations of the refined forward kinematics algorithm are given in

Table 5-1.

Table 5-1: Change in end-effector position for cohﬁguration 4-4-1-1

Coordinates | Initial Estimate | 1¥ Iteration | 2™ Iteration
x -75.54 -76.72 -76.73
y -43.61 -44.38 -44.39
z 43.04 34.07 33.95

As expected, the weight of the unit modules significantly reduces the location of the z-
coordinate. The end-effector vertical coordinate converges to 33.95 after the second
iteration. The workspace generated by the refined forward kinematics algorithm is shown

in Figure 5-6 along side the results from the approximate kinematics.

5.2 INVERSE KINEMATICS

Since the workspace consists of a number of discrete points, there exists no closed
form solution to the inverse kinematics problem. Within the workspace core of Figure
5-6, there exists a large number manipulator configurations leading to comparable
solutions and for each additional unit module, the number manipulator configurations

increase exponentially.
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Figure 5-6: Approximate and refined manipulator workspace

A number of studies have tackled the optimization of the inverse kinematics problem
in redundant devices [9,11,32,50,54]. Genetic and combinational heuristics algorithms
have been used directly to solve the inverse kinematics of discrete devices [12]. Hyper
radial basis functions in combination with neural networks are able to solve the inverse
kinematics problem of non-discrete redundant robotic systems through a learning process
and fitness and energy minimization functions have been developed to eliminate the

complexities of the non-linear differential equations [8,51].

With such a large number of solutions, the inverse kinematics problem can be
regarded as an entire field of research in itself and is not the focus of this research. The
inverse kinematics of the proposed compliant manipulator is composed of a simple sort
and search algorithm. The end-effector coordinates are organized in ascending order of
elevation and an exhaustive search algorithm is used to find the closest point to the

desired position of the end-effector.
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5.3 CONTROLLER MODEL

The manipulator controller is based on the open loop Matlab Simulink model shown in
Figure 5-7. It transforms the states generated by the inverse kinematics algorithm into a

sequence of seven pulsed signals used to activate the electronic amplifiers.

Q& Analog Output
A

:} 08 Analog Output |
8

Q8 Analog Cutput |
Type Stream Actators | el Actiator Steam @B G =I 0B Analog output]
Type Stream G1
® Type o Actuator Actuatnr to Matrix QB Analog Output—l
G2 >| R Analog Output |

{38 Analog Output G2

Figure 5-7: Manipulator controller

The user inputs a desired end-effector coordinate and the inverse kinematics algorithm
locates the closest match from within the workspace and sends the module state
information to the type stream block. The type fo actuator converts each unit module
state into an array defining the status of each actuator (ON or OFF). The actuator to matrix
then piggybacks the actuator states on timed discrete signals indigenous to each actuator
(the block diagrams for both functions can be found in Appendix I). The control signals
are then sent to one of the three lead amplifiers (marked 4, B and C) or one of the four
ground amplifiers (marked Gl to G4) via the Quanser Q8 input/output interface. The

significance of each amplifier is discussed in the following chapter.
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Chapter 6:

Actuation System

6.1 HEAT TRANSFER ANALYSIS

The martensitic transformation (austenite to martensite) is displacive, athermal (time
independent), first order (liberates heat), associated with a hysteresis and occurs over a
temperature span in which both phases exist [53]. During the reverse transformation, the
austenite forms twinned martensite with little volume change. Twinned martensite is then
transformed into deformed martensite through the application of small stresses and large
strains. Heating the material above the austenite finish temperature 4, induces the
formation of the austenite phase. The following analysis will describe two possible

methods of electrical heating: continuous and discontinuous heating.

6.1.1 Continuous Heating

Electrical heating is the most commonly used method to induce the reverse martensitic
transformation. The current required to heat an SMA actuator and maintain it above 4y

can be obtained from the following heat-transfer equation [33]:
mcp(ﬁg—j =i’R-hA(T-T,) (6-1)

where m is the mass of the SMA actuator, cp is the specific heat of the austenite phase, T’

1s the instantaneous temperature of the actuator in Kelvin, 7, is the ambient temperature
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in Kelvin, 7 is the current in the actuator, R is the resistance of the actuator, % is the
coefficient of convective heat-transfer and A4 is the surface area of the actuator. The
equation above can be reformulated to obtain the steady state current i with respect to

the steady state temperature 7.

i, = AT, “T)IR >

Due to the complex shape of the actuator, the convective heat transfer coefficient was
computed based on the experimental results of vertical flat plates in still air, in which the
active length is equal to the total length of all the circular sections of the actuator (the
derivation is found in Appendix J). The SMA material produced by Johnson-Matthey
exhibit an approximate 20% difference in resistance between austenite and martensite.
Since the actuator is composed of austenite at steady state, the resistance R is calculated

based on the resistivity of the austenite phase. The details can be found in Appendix K.

Given the actuator dimensions of 0.070mmx5.9mmx53.2mm, the heat transfer
coefficient /4 is evaluated at 134Wm™C™. From the two-phase constitutive model, the
austenite finish temperature Ay is assumed to be 87°C. The total resistance of the SMA
composite actuator (circular sections and composite flat sections) is computed as
0.0450Q2. From (6-2), the current required to maintain the actuator temperature above 4y

in still air at 27°C is equal to 3.9Amps.

6.1.2 Discontinuous Heating

R. Mukherjee first proposed using the thermal inertia properties of the SMA material
to heat SMA actuators using short current pulses [33]. With this method, the actuator
temperature fluctuates between 77 and T, as shown in Figure 6-1. At steady state, the
temperature 7, must be the higher than austenite finish temperature 4 to ensure a
complete phase transformation. Actuators are heated for 7 seconds over a nr time period

where n is the number of actuators.
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Figure 6-1: Discontinuous versus continuous heating (adapted from [33])

The current required to maintain the temperature 7> above Aris obtained by solving (6-
1) at the boundary conditions. The result is given below and the complete derivation can

be found in Appendix K.

i = \/ﬁ/—i(]; —Tw)[—————eXp(An)_l} . AT (6-3)

R exp(A) -1 mcp,

According to (6-3), the current is dependant only on the temperature 7, and the pulse
width 7. For the proposed design, » is equal to 12. The specific heat of the SMA material
produced by Johnson Matthey is approximately 0.837J/gK. From the CAD model, the
mass of the circular sections of the actuator is estimated at 3.81¢g with a surface area of
8.44¢>m*. The lumped parameter hd/mcp is computed to be 0.355Hz. If the pulse width
1s lower than 10ms, the exponential term exp(4) can be truncated after the second term of
its power series and the term exp(4n) can be truncated after the third term with little
integrity loss [33]. Expanding and simplifying (6-3) gives:

i, = \[ %—{4 (,-T, )n[l + % An) (6-4)

If the pulse width 7 is reduced even further, the parameter A can be eliminated from

- (6-4) and the current relation is simplified to, where i is the steady state current given by
(6-2). :
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(6-5)

Assuming an ambient temperature of 27°C and a lower bound temperature 7, of 87°C,

the results of (6-3) to (6-5) are given for different pulse widths.

Table 6-1: Required current

Equation Pulse Width (t) [ms]
1000 100 10 1 0.1
6-3 49.70 14.89 13.58 13.47 13.45
6-4 14.59 13.57 13.46 13.45 13.45
6-5 13.45 13.45 13.45 13.45 13.45

For pulse widths smaller than 10ms, the relation between the current and the lower

bound temperature is independent of 7. Therefore, the current can be accurately estimated

by multiplying the steady state current by the square-root of the number of actuators.

6.2 ACTUATOR DRIVER MATRIX

In essence, hyper-redundant manipulators have a large number of actuators. Since

each actuator is controlled independently, the simplest method of actuation consists of

one lead wire for each actuator and a common ground. For a manipulator with three

actuators per unit module, the number of wires in the base module would be equal to

3n+1 where n is the number of unit modules. In the proposed design, the base module

would have 13 wires passing through the base module. This becomes a problem for

millimetre-sized manipulators, where the limited space constrains the total number of

lead wires that can be used.

The solution proposed by R. Mukherjee organizes the actuators in a matrix like

fashion [33]. The actuators (marked 1 to 12) are arranged in a 3x4 matrix as seen in
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Figure 6-2. The actuators are connected to three lead wires (marked 4, B and C) and four

ground wires (marked G to G4).

Baze Module

TS

WU

=V

AUV

HUUUUU

IS

SHUUUUUH

G2

JUUUUUW

U

VU

G3

G4

Figure 6-2: SMA actuator matrix

With this arrangement, the total number of wires at the base module is reduced to n+2,

or in this case 6 wires instead of 13. Using the discontinuous heating principle each SMA

element is actuated individually and sequentially by a short current pulse [33]. To heat a

particular actuator, the controller enables the lead channel and the ground channel

assigned to that actuator. Also, to reduce the heat strain on the wires within the actuator,

the actuation order is selected such that each wire is powered sequentially. Table 6-2

indicates the order in which each SMA element is actuated in the nt time period.

Table 6-2: SMA element actuation sequence

Timeperiod(r) | 1 | 2 | 3 | 4 | 5 [ 6 [ 7] 8 ] 9 [10] 11 12
Ground wire Gl|G2|G3 | G4 |Gl | G2 |G3|Ga |Gl |G| G3]| G4
Lead wire A|lBlc|lA|B|cCc|A|BjC|A]|B C

ActuatedSMA | 1 [ 5[ 9 [ 10| 2 | 6 | 7 [11] 3 | 4 | 8 12

6.3 CIRcUIT DESCRIPTION

The actuation system is composed of seven identical current amplifier units. The lead

amplifiers are set in source mode and the ground amplifiers are set in sink mode. The

complete diagram of the system is shown in Figure 6-3.
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Figure 6-4: Ground amplifier unit block diagram

Each current amplifier unit in Figure 6-3 consists of three 1.298 dual full bridge
drivers. Each driver provides a maximum of 6Amps in source or sink mode. To provide
the 13.45Amps required to actuate one SMA elements, three drivers are connected in

parallel.

4
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The resistors R in Figure 6-4 refer to the current limiting resistors (marked RI through
R4). Resistors were placed at each driver output instead of at the current amplifier unit
output to reduce the resistor power requirements and lower the assembly costs. With this
arrangement, the wattage in per actuator drops from approximately 12Vx14Amps =

168Watts to 12Vx1.2Amps = 14Watts.

The L298 exhibits a very high saturation voltage when operating at low voltages and
high currents. This voltage reduces the output capabilities of the device. The saturation
voltage was determined experimentally to be approximately 4.25Volts for a source
voltage of 12.15Volts and an output current of 1.2Amps/channel (see Appendix N). The
computed value for the current limiter resistors R of each driver bank are given in

Appendix O. Figure 6-5 illustrates the actual set-up.

Figure 6-5: Experimental set-up
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Chapter 7:

Fabrication

7.1 SMA ACTUATOR CONSTRUCTION

All actuators were fabricated using a 70pum Nitinol sheet supplied by Johnson-
Matthey. Thin strips 5.9mm and 7.0mm wide were cut using a shear press. Figure 7-1(a)
shows the SMA strip before the heat treatment. Its length is based on the maximum
length of the raw SMA sheet such that several actuators could be produced in each batch.
The strip was then folded repeatedly over stainless steel panels of thicknesses between
0.72 and 1.44mm as seen in (b). The strip and metal panels were stacked in the jig shown
in (c) and clamped down with a u-bolt to maintain the desired shape during the heat
treatment. Several actuator profiles were constructed to determine the best shape
parameter configurations. These profiles included variations on flat section length,
circular section radius, strip width, and heat-treatment temperature.

@

@

Figure 7-1: Fabrication process flow of the SMA actuator: (a) strip cut to length; (b) cross-section A-A

view of forming process; (¢) SMA actuator in heat treatment jig; (d) composite actuator
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Following the heat treatment, the SMA strip was cut according to the prescribed
actuator length. Aluminium films were then glued on both sides of the actuator’s flat
sections as seen in (d). Silver conducting epoxy was used to reduce the resistivity. A
photograph of the heat-treatment jig and several actuator profiles are shown in Figure
7-2.

Figure 7-2: Heat-treatment jig and prototype actuator

Based on the tensile test results, the final prototype actuator seen in Figure 7-2(f) has a
bend radius of 0.72mm, a width of 7.0mm and a flat section length of 3mm. To obtain the

necessary manipulator deflection, the actuator was composed of 13 circular sections.

7.2 BELLOWS CONSTRUCTION

The bellows was designed to produce large displacements in the direction of motion.
To limit the motion resistance, the outer shell was shaped in the form of a miniature
bellows. The bellows is made up of a two-part rubber compound and was formed using a
vacuum degassing moulding process. ReoFlex20 liquid urethane rubber manufactured by
Smooth-On Products was used. It has a shore-A hardness of 20 and an elongation of

1000% at break. The cross-section of the bellows design is shown in Figure 7-3.
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Cross-Section

Figure 7-3: Outer shell design

The rubber mixture is poured into the wax moulds and insert shown in Figure 7-4,
degassed to remove air bubbles and cured for 24 hours at room temperature. The inner
mould was machined from a PVC stock rod and the outer moulds were cast in paraffin

wax (using a nylon mould slightly larger than the inner mould).

Figure 7-4: Conceptual and actual inner and outer moulds

As seen in Figure 7-5 the bellows could extend to 37mm at the approximate pressure
of 22kPa and could compress to 15mm once the pressure was removed. The ventilating

tube shown in Figure 3-7 was not fabricated due to time constraints and assembly issues.
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Figure 7-5: Bellows tests

7.3 PROTOTYPE MANIPULATOR ASSEMBLY

The manipulator structure is composed of repeating modules, each containing three
actuators, a rubber bellows, wiring and a support plate or vertebra. The vertebrae are
composed of a single sided copper clad fibreglass disk 1/64” thick and a PVC ring as

shown in Figure 7-6a.

It was found that the 28-gauge magnet wire could not support the discontinuous
heating current therefore it was replaced by 24-gauge magnet wire. Due to the high
stiffness of the wire, it had to be coiled to the proper shape prior to assembly. Figure 7-6
(a) and (b) shows the addition of lead wires A, B and C followed by the ground wire G3.
The actuators were then fastened to the vertebrae using conductive epoxy. In the final
stage, the bellows were inserted and fixed in place using clear elastic bands and the

manipulator was fixed to the base vertebra.
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Figure 7-6: Three-stage prototype manipulator assembly

The maximum diameter of the support plate was equal to 24.3mm and the total
external diameter was equal to 31lmm. The unit module mass varied between 4.8 grams
for the end-effector to 9.7 grams for the base module. The actual and estimated mass

partitions are given in Table 7-1.

Table 7-1: Unit module mass

Component Estimated Mass [g] Actual Mass [g]

Actuators (and epoxy) 0.6 0.7

Support plate (and epoxy) 1.5 1.1-1.2

Bellows 1.4 2.9

Wire 1.0 1.0-5.0
Total 4.5 5.7-9.8

Due to connectivity problems incurred in the manipulator of Figure 7-6, a single
module prototype was also fabricated. To reduce the resistance and heat production in the
area of the connections, the second prototype was assembled using two fibreglass disks

per vertebra. The actuator tabs (connecting surfaces on the actuators) were sandwiched
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between the two support plates with the copper sides inward and fixed with conductive
epoxy. Figure 7-7 illustrates the internal components of the second prototype with one

activated actuator.

Figure 7-7: Single-stage prototype
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Chapter 8:

Experimental Results

8.1 SMA MATERIAL PROPERTIES

The raw SMA material properties were obtained from a tensile test on a sample strip
with a square cross-section of 6.98x0.07mm. Figure 8-1 shows the average results of
tensile tests performed on an SMA sample in both the austenite and martensite state (tests

results given in Appendix Q). The sample was subjected to 3% strains at 21°C and 1.5%

strains at 70°C.
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Figure 8-1: SMA engineering stress-strain curves

From the engineering stress-strain curve, the approximate austenite and martensite
elastic moduli are computed as 40 and 27GPa respectively. According to the
manufacturer, Young’s modulus for the austenite phase is equal to 83GPa and between
28 and 43GPa for martensite. The large difference between the measured and specified
values for the austenite elastic modulus can be attributed to both the lack of an

extensometer during the tensile tests and the inaccuracies in the load cell readings (as
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seen by the large error bars in Figure 8-1). The variability of the data can be attributed to
the 100kN load cell used in the experiment.

8.2 ACTUATOR EXPERIMENTAL RESULTS

8.2.1 Steady-State Continuous and Discontinuous Heating Current

The continuous current required to maintain the actuator’s temperature above the
austenite finish temperature was determined using an untreated sample of SMA material
and a 10kQ thermistor. The heating current was obtained by measuring the voltage across
a current limiting resistance. For a 5.9x0.07x60mm sample strip, the steady-state material

temperature was obtained for six continuous current levels and the results are given in
Table 8-1.

Table 8-1: Continuous heatin g currents and témperatures

Current Limiter | Measured Voltage 1t | Thermistor Resistance |
(€] vl ‘ (k]
0 0 10.4
2.3 4.13 5.5
2.0 3.97 5.0
1.8 3.68 3.9
1.5 3.59 3.2
1.25 341 2.3
1.0 2.98 1.4

The SMA austenite start and finish temperatures are given by the manufacturer as
45°C and 95°C respectively. To maintain the actuator temperature within this range
requires a constant current between approximately 2.0 and 3.2 Amps. According to (6-2),
the current required to maintain the actuator at 65°C in 22°C ambient air is equal to
3.3Amps or approximately 18% lower than the value computed in Chapter 6. The -
difference between the actual and predicted temperatures is illustratéd in Figure 8-2 for
heating currents up to 3Amps. To maintain the actuator at 65°C using the principle of
discontinuous heating, (6-5) predicted a current level of approximately 14Amps for a

system composed of twelve actuators.
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Figure 8-2: Continuous heating current

In the actual test, two actuators of 5.9 and 7.0mm widths were tested using the
manipulator driver circuit. The actuators were connected in series with the appropriate
length of magnet wire to simulate the actual set-up. The circuit’s output current was
estimated by measuring the resistance and voltage across the actuator-wire stage when
operating in continuous mode (the output current is equal for both continuous and
discontinuous cases). The measured output current was at least 8Amps (precise

measurements could not be made due to the lack of adequate testing equipment).

At this current level, a thermistor attached to the base of a 5.9mm wide actuator
registered a resistance between 1.4 and 1.6k() resulting in a temperature of approximately
85°C. The thermistor attached to a 7.0mm wide actuator registered a steady-state
resistance between 1.5 and 1.9kQ) resulting in a temperature range of 75 to 85°C. Both
actuators reached temperatures above the 45°C austenite start temperature of the SMA.
However, the temperature readings may have been under-estimated due to the poor

contact between the thermistor and the sample actuators.

8.2.2 Heat-Treatment Temperature Effects

An analysis on thermomechanical treatment of SMA springs found that the recovery
rate of SMA springs decreased dramatically for heat-treatment temperatures below 425°C
and decreases slightly for temperatures above 500°C [51]. To determine the heat-
treatment temperature effects on the proposed actuator, three identical actuators were

formed at 400, 500 and 600°C for 1h. Each actuator had a post-heat-treatment memorized
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length of 11mm. The actuators were then subjected to 3 to 5 tensile tests in the martensite
state and 3 to 4 tensile tests in the austenite state. Following the tests, the memorized
actuator lengths had increased to 24.0, 13.5 and 16.8mm respectively. Since the extension
percentage is based on the memorized length, longer lengths resulted in lower maximum

extensions. This effect can be seen in Figure 8-3.
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Figure 8-3: Maximum extension in the martensite state, R = 0.92m

The austenite force extension plot of Figure 8-4 demonstrates that the stiffness of the

specimen treated at 600°C was slightly lower than the specimen treated at 500°C.
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Figure 8-4: Output force in austenite state

Again, the higher stiffness exhibited by the actuator heat-treated at 400°C was a result

of the permanent strain induced in the first few cycles. Extension percentages based on
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the initial actuator lengths would have shown that the specimen treated at 400°C had a
lower stiffness. These tests demonstrated that the most favourable heat-treatment
temperature was around 500°C, which is in agreement with the manufacturer’s

recommendations.

8.2.3 Actuator Frequency Response

Frequency tests were performed on each actuator profile using the layout shown in
Figure 8-5. The actuators were attached to a weight and holder of 62.3 grams and allowed
to move freely in the vertical direction. The heating current was provided by a PC power
source and evaluated at 2.9Amps continuous (Viesisior = 2.75V, R = 0.95Q). At this level

the actuators were expected to reach the 80°C level.

Figure 8-5: Frequency test layout

The results were divided between the two width sizes fabricated. Figure 8-6 consists
of select 5.9mm wide actuators with various profiles and Figure 8-7 consists of several
7.0mm wide actuators with identical profiles. The test results shown in Figure 8-7 were
used to determine the effects of the composite metal plating and the manufacturing

quality on the frequency response. Except for the specimen treated at 600°C, all the

{
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specimens exhibited cooling times around 50 seconds, with heating times varying

between 5 and 10 seconds.
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Figure 8-6: Frequency response of select 5.9mm wide actuators

Slightly sharper responses were recorded for profiles with small radii and for
specimens heat-treated at 500°. In the case of the 7.0mm wide actuators, cooling times
ranged between 50 and 85 seconds and the heating times between 10 and 20 seconds as
illustrated in Figure 8-7. The sharpest response was observed in the bare specimen, which
was not equipped with the aluminium plating. The randomly selected prototype actuators

showed, on average, slightly slower responses than the bare specimen but much quicker

responses than the composite specimen.
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Figure 8-7: Frequency response of the prototype actuators

79



The slower response may have been caused by a gradual shape memory loss due to
cycling or manufacturing defects (all prototype specimens were fabricated according to
the composite specimen profile). In general the frequency response for the prototype

actuators ranged between 0.014 to 0.017Hz

8.2.4 Training Strain

As mentioned in the previous section, permanent strains are generated in the first few
cycles following the heat-treatment, resulting in an increase in the actuator memorized

length and a reduction of the maximum actuator extension. The magnitude of this effect

is given in Table 8-2.

Table 8-2: Actuator memorized length before and after training

Profile Radius Heat-Treatment Post heat- Trained | Increase
L=15mm Temperature treatment length Length

W =5.9mm [°C] [mm] [mm] [%]
0.36mm 400 8.8 24.0 173
0.72mm 13.66 16.5 20.8
0.46mm 500 10.96 13.5 23.2
0.36mm 8.76 12.0 37.0
0.72mm 13.7 17.0 24
0.46mm 600 11.0 16.8 53
0.36mm 8.8 13.2 50

8.2.5 Shape Parameter Effects

Actuators with different lengths, widths and radii were constructed to determine the
actual profile effects on the output force. Presented below are the results obtained from
all the relevant tensile tests (the output characteristics for all the actuator profiles can be
found in Appendix P). It should be noted that, except for the actuator profile selected for
the manipulator construction, only a single specimen was fabricated for each profile and
the results represent the average data of 3 to 6 tensile tests in both the austenite and
martensite states. The number of tests performed on each profile was based on the

variability of the data.
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The first round of tests determined the effect of the straight section length on actuator
response. Two actuators, of equal radius and width, with straight section lengths of 1.5
and 2mm were tested and the results are given in Figure 8-8. The two lower curves
represent the martensite responses and the two upper curves represent the austenite

responses.

Force [M]

o 1 !
0 20 40 B0 80 100 120
Extension [%]

Figure 8-8: Output force of actuator with varying lengths heat-treated at 600°C

For a 20° change in circulz;r section angle, the actuator with a straight length of 1.5mm
produced an extension of 55% whereas the actuator with a length of 2.0mm produced an
extension of 75%. In the martensite state, F1 smm @s5%) = 0.80N and F2 omm (@75%) = 0.73N
resulting in a force ratio of 1:1.10. In the austenite state, Fi smm (@ss%) = 1.8N and F5 omm
@75%) = 1.4N resulting in a force ratio of around 1:1.29. As expected the output force
diminishes as the section length is increased. To satisfy the space restrictions and force
requirements of the manipulator, all subsequent tests were conducted on actuators with a

1.5mm straight section length.
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The second round of tests evaluated the performance of actuators with two different
widths. Each actuator had a radius of 0.36, a straight section length of 1.5mm, and widths
of 5.9 and 7.0mm.

The third round of tests evaluated the performance of actuators with various circular
section radii. As with the previous tests, the two other shape parameters remained
constant (w = 5.9mm and /; = 1.5mm). The results of both comparisons are illustrated in

Figures 8-9 and 8-10.

As expected, the actuator with the lowest radius could provide the largest extensions
in the martensite state. From the figure, the actuator stiffness in the austenite state is
approximately equal for the both 0.46 and 0.72mm radii but decreases dramatically for
the R = 0.36mm specimen. Again, these discrepancies may be linked to the stress induced
permanent strain; but, as it will be discussed in the following section, the large variation

in actuator stiffness may also be linked to fabrication defects.
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' Figure 8-9: Output force of actuator with varying width heat-treated at 500°C
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Figure 8-10: Output force of actuator with varying radii heat-treated at 500°C

A final comparison was done to determine the effects of the composite aluminium
plating on the actuator performance. The actuator profiles used in the comparison have a
radius of 0.36mm, a straight length of 1.5mm and a width of 7mm. As it can be seen in
Figure 8-11, the two specimens display similar responses for both the austenite and

martensite phases.

a
4 PP
1/’
“i
— e
£ 37
& - .
= w Compaosite
R - - ——- Bare
5
.
1 .
D d_re T T T T T

00 211 423 B3 B4A7 1058 1372
Extensien [%]

Figure 8-11: Composite actuator performance
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8.2.6 Prototype Actuator Response

Since the goal was to design a high strain manipulator, the actuator capable of
producing the largest extensions in the martensite state was chosen. According to Figure
8-10, the extension capacity of the actuator is primarily a function of the radius, with the
smallest radius producing the largest deflections. For this reason the actuator with a
radius of curvature of 0.36mm was chosen in the fabrication of the prototype
manipulator. To reach the 3.8N force computed in Chapter 5, the width and straight
section length of the actuator were set at 7.0mm and 1.5mm respectively and the output

force characteristic for this profile is shown in Figure 8-12.

According these results, the actuator can achieve a 3.8N force at an extension of
approximately 80% in the austenite state and stretches to around 140% in the martensite
state. At this extension level the stretched actuator produces a force slightly under 1N.
Since each module is equipped with three actuators, the total extension force is
approximately 3N. This is below the computed pressure force of 5.4N and should be
sufficient to extend the actuators to this point. Upon heating, the actuator contracts from
the 140% level to around 80%. For a trained memorized length of 12mm, the actuator is

capable of producing an 8mm stroke.
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Figure 8-12: Prototype actuator response
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8.3 MANIPULATOR EXPERIMENTAL RESULTS

In the first prototype, connectivity issues immediately rendered two of the three
sections inoperablev (the factors contributing to the bond failures will be discussed in the
following section). Only the end-effector module was able to produce a small
displacement for a short period of time. The activation of a single actuator (number 8)

was captured in Figure 8-13.

Figure 8-13: First prototype test

The internal pressure was set at 22kPa and the resulting deflection is approximately
20°. The connection was severed at around the third second of the heating cycle, which
leads to believe that the actuator did not complete the phase transformation and could
possibly generate larger displacements. In all other cases, connection failures occurred
before the actuators could reach the austenite phase. All the bond failures occurred at the

nodes connecting the actuators to the lead wires (4, B and C).

In the second prototype, the improved connections allowed for | several complete
cycles. Shown in Figure 8-14 are the images of the: a) pressurized un-actuated module, b)
single activated actuator and, c) dual activated actuators. The unit module was unable to
produce the fourth non-redundant configuration consisting of the activation of all three
actuators since the bond between lead wire B and the second actuator failed after the 2™

cycle.
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Figure 8-14: Second prototype tests

At the estimated pressure of 22kPa the average maximum extension produced in
Figure 8-14c was equal to 33mm. Based on Figure 8-14b, the inclination angle produced
by a single actuator was approximately 53° and the coordinates of the end-effector were
y; = 9.9mm and z; = 23.0mm. In the case of the dual activated actuators of Figure 8-14a,
the inclination angle was estimated at 42° with end-effector coordinates equal to y, =

8.8mm and z; = 20.0mm.

Video recordings of the second prototype tests were taken for both single and dual
activated actuators. In the case of the single actuator, five recording were taken of the
complete cycle. Table 8-3 gives the approximate heating and cooling times for the five
cases. -

Table 8-3: Frequency response times for a single actuator

Test Heating time Cooling time
[sec] [sec]
1 3 22
2 2.5 18.5
3 2.5 17.5
4 2 19
5 2 20

The average heating and cooling times are 2.5 and 19.4 seconds and a frequency
response of 0.046Hz. Only one recording was taken of the dual activated actuator
configuration. From the video, the heating time was estimated at 5 seconds and the

cooling time at 20 seconds resulting in a slightly lower module frequency response of
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0.04Hz. The connection between actuator number one and lead wire A failed after the 6%
cycle and the connection between actuator three and lead wire C failed after the 17%

cycle.
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Chapter 9:
Analysis

9.1 ACTUATOR PERFORMANCE

Without taking into consideration the permanent strain induced during training, the
actuator model proved successful in estimating the output force capabilities of the
actuator. Figure 9-1 illustrates the difference between the actual actuator response based

on the trained length and the estimated actuator response based on the initial annealed

length.
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Figure 9-1: Actuator output force in the austenite state

In the case of the actuator response in the martensite state, the output forces were

much higher than predicted and the model could not predict the large output force spike
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shown in Figure 9-2. This effect had been overlooked in the equations and assumptions
made to generate the internal strain used by the model. Equation (3-6), used to obtain the
strain field across the thickness of the SMA sheet, assumes that the change in angle 6
remained small. The theoretical plots generated by the model were based on a A& of 90°

and in the actual tests, A@ could have been as high as 70° (based on visual inspection).
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Figure 9-2: Actuator output force in the martensite state

Compared to the output force generated by the model, the actual output force in the
plateau region is about four times higher and quickly climbs to around 0.9N at an
extension of 140%. The maximum extension undergone by the sample actuator was
approximately half that generated by the model. This is mainly due to the degradation of
the memorized shape during training. The large discrepancies between the actual and
computed martensitic response may also be attributed to the underestimation of the

martensite macroscopic stiffness C;,3 and plastic damping coefficient ;23 used in the
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two-phase constitutive model since these material‘ parameters were not determined
experimentally. This limitation was also observed in the straight length comparison tests
of Figure 8-8. According to (3-4) and (3—9), an actuator with a straight length of 1.5mm at
an extension of 55% should have and output force ratio of 1:1.27 compared to an actuator
with a length of 2Zmm at an extension of 75% (both cases evaluated at AG = 20°). The
actual force ratio was equal to 1:1.29 in the austenite phase and 1:1.10 in the martensite.
The results suggest that the actuator model could only predict the effects of straight

length variations on actuators in the austenite state.

On the other hand, the model could not accurately predict the effects of width on the
actuator response. In the actuator model, the output force was presumed to be
proportional to the actuator width. Modifying the response obtained from the 5.9mm
wide actuator, according to (3-8), to reflect the increase in width resulted in the dashed

curves of Figure 9-3.
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Figure 9-3: Width comparison

The predicted response for the 7.0mm wide actuator (based on the 5.9mm wide

f
response) was lower than the actual response, indicating that the output force is not
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proportional to the width. Again, the differences in austenite stiffness may have been a

result of the induced permanent strain mentioned above.

The addition of metal films on the straight sections of the actuator did not have any
noticeable effects on the output force of the actuator. The composite specimen exhibited
slightly higher heating and cooling times, which may have been caused by defects
introduced in the manufacturing process. The large circle in Figure 9-4a shows an
improperly installed metal film. A portion of the film touched the inside of circular
section. As a result, the film may have inhibited the actuation of that section. A similar
defect was found in the specimen of Figure 9-4b. In this case, a circular section was

accidentally covered in conductive epoxy.

Figure 9-4: Composite actuator fabrication defects

After having removed the metal films from the straight sections, it was found that
most of the films were not completely bonded to the SMA. The dark regions highlighted
by the small circle in Figure 9-4a indicate areas were the film was improperly bonded to

the SMA.

9.2 MANIPULATOR PERFORMANCE

The results obtained from the second prototype tests demonstrated that the unit
module capabilities were similar to those generated by the manipulator and actuator
models. The unit module performance was obtained by measuring the steady-state

positions and orientations of the three different states generated in the experiment.

t
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As predicted by the model, the angles y between the actuators and the support plates
were approximately equal for each projected length. The unit module model illustrated in
Figure 5-3 assumed that the unit module length, L,, on the un-actuated side remained
constant (and equal to the length of case (c) for all states excluding the fully actuated
state). Based on the measurements of Figure 8-14 the length of the un-actuated side

decreased by 3.6% in case (a) and increased by 1.9% in case (b).

According to Figure 8-12, the prototype actuator stiffness in the austenite state was
approximately 0.38N/mm with a memorized length of 12mm. With an internal pressure
of 22kPa, (5-3) through (5-60 predict an actuator force of 4.5N, and actuator lengths of
23.5mm for case (b). This should produce an inclination of 35° as opposed to the 53°
inclination observed in Figure 8-14b. The higher angle produced in the case (b) may have
been a result of a larger actual radial distance R; in (5-2) to (5-4) (distance between the
actuator tab and the manipulator centre axis). In the assembly process, the first circular
section on the actuator was directed outwards, pushing the point of contact between the
actuator and the vertebra closer to the edge of the support disks and increasing R; from

6mm to around 8mm.

In the dual activated case of Figure 8-14a, the module should have produced an
inclination of 65° but the actual inclination was 42°. A sudden decrease in the un-actuated
length and module inclination was observed in the video recording towards the end of the

heating cycle. This effect may be explained by the actuator’s attempt to straiten itself out.

- The actuator centreline is offset by an angle of 7-y during actuation. A realignment of the

actuators in the final heating stage would generate a moment in the opposite direction,
leading to a slight compression of the un-actuated side and a reduction of the module

angle.

During fabrication it was found that the 24-gauge wire coiled with a 20mm diameter
and with 6 complete loops exhibited a non-negligible resistance to motion in both the
axial and radial directions and that this effect significantly influenced the performance of

the unit-modules containing more than one wire. Figure 9-5 illustrates the difference in
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maximum extension between the bellows structure in (a-b) and the complete manipulator

in (c-d).

Figure 9-5: Manipulator extension under 22kPa internal pressure

The first module in Figure 9-5d contained three actuators and 5 coiled wires and
extended to approximately 29mm at a pressure of 22kPa; a 12% length reduction

compared to the second prototype at the same pressure.

The effects directly linked to the additional wires could be observed in the second
module of Figure 9-5d. It contained four coiled wires and no actuators and could extend
to 34mm at 22kPa, a 7% reduction compared to the empty bellows of Figure 9-5b. The
poor connections between the actuators and the vertebra could not withstand the applied
stress, current and heat. No actuation data could be obtained on the first and second unit
modules. Several factors may have contributed to the connection failures. First, high
temperatures in the vicinity of the connections between the support plates and the
actuators may have lead to a breakdown of the adhesive bonds. The maximum operating
temperature of the conductive epoxy is 90°C whereas the austenite finish temperature of
the SMA material is 95°C. The temperature increase at the nodes could be linked to a
combination of the high resistivity of the epoxy/copper layer on the vertebra, the poor
quality of the bonds between the actuator and the vertebra, and the presence of an

oxidized film on the actuator surface. The raw SMA sheet was flat grey in colour.

93



Following the heat-treatment, the actuator colour changed to flat gold when treated at
400°C, to reflective gold and purple when treated at 500°C, and to dark grey when treated
at 600°C.

Z

Figure 9-6: SMA Surface colour for various heat-treatment temperatures

Connection failures may also have been caused by short circuits on the lead side of the
vertebra. The highlighted area in Figure 9-7a shows a thin layer of conducting epoxy
between two lead connections. On the vertebra of Figure 9-7b, an epoxy bridge between
the lead connections A and B caused a short circuit and charred the surrounding
fibreglass. The sudden surge in current may have heated the connection beyond the

operating point of the epoxy.

i - i % S R

Figure 9-7: Dismantled vertebrae inspection

On average, the frequency response of the second prototype was three times higher
than individual actuators in still air. The amplifier circuit and controller software was
designed to accommodate a four-stage manipulator containing twelve actuators and could
heat each actuator in approximately 2.5 seconds. | Based on resistance and voltage
measurement, the amplifier was capable of generating 9Amp pulses, which would,

according to (6-5), amount to a continuous current of 2.6 Amps. According to Table 8-1,
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this should lead to steady-state temperature of around 65°C. On the other hand, the
frequency tests on individual actuators were performed at 2.9Amps, or 85°C, and resulted
in a heating time above 10 seconds. This discrepancy may have been due to two factors:
first, the actual output current of the amplifier circuit may have been higher than
originally observed, and second, the high currents associated with the discontinuous

heating method may have lead to quicker responses.

However, the airflow provided by the pump was the major contributor in the
improvement of the frequency response. The airflow effectively reduced the cooling
cycle from approximately 50 to 20 seconds. It is probable that even higher frequencies
could be achieved by increasing the airflow speed (since the pump was operating at
maximum capacity). It is to be noted that the pulsating action of the pump may also have
promoted a more rapid phase transformation into twinned martensite; however, the full

extent of this effect has yet to be determined.

The goal of this study was to evaluate the feasibility of the pressurized manipulator
design. The optimum actuator profile was determined based on the tensile test results.
However, several non-essential factors have been overlooked and remain to be
investigated. These include the effect of bellows geometry, thickness and material type,
the effects of the ventilating tube, and the effects of the electrical wiring on the
manipulator stiffness. The performance of a complete multi-stage manipulator also

remains to be investigated.
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Chapter 10:

Conclusions & Recommendations

10.1 CONCLUSIONS

The goal of this research was to develop a compliant pressurized hyper-redundant
manipulator driven by SMA actuators. Although manufacturing issues prevented the
validation of the hyper-redundant manipulator, the unit module constituting the base
element of the design was successfully modeled, fabricated and evaluated. A single unit
module prototype driven by three SMA actuators demonstrated that the proposed design
could achieve large displacements and rotations of over 50 degrees. The two-phase
constitutive model could not predict the stress induced permanent strain that effectively
reduced the actuator stroke, but this phenomenon did not significantly affect the
performance of the actuator. The pressurized unit module and actuator combination was
able to produce repeatable motion at a frequency of 0.05Hz. Several limitations such as:
1) The high current requirement of the actuators, 2) The inefficient actuation system, and
3) The connectivity issues between the actuators and the modules remain to be solved in

order to build a reliable device.

10.2 RECOMMENDATIONS

Addressing the three issues listed above is crucial in the development of a working
SMA driven hyper-redundant manipulator. Further optimization of the actuator profile to
decrease the SMA sheet cross-section would help reduce the heating current and power
requirements. A detailed study of the effects of composite plating on the straight sections

of the actuator should also be carried out since the results proved inconclusive. Cold
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spraying techniques offer the possibility of creating solid composite panels, eliminating
the need for conductive epoxy and increasing the fatigue resistance of the actuators. This
process could also be used to include copper solder tabs at the actuator ends, again
eliminating the need for epoxies. The greatest challenge remains the reformulation of the
actuation system. Even with the small number of actuators, it was found that the proposed
actuation system required a large number of wires. These findings, along with results
taken from the literature favour an on-board electronic system, which would limit the

number of wires and greatly facilitate the assembly process.
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Appendices

APPENDIX A — ACTUATOR TYPE COMPARISON
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Figure A-1: Actuator output force versus displacement [1]
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APPENDIX B — EXPERIMENTAL DETERMINATION OF THE
MATERIAL PARAMETERS

The material parameters can be separated into three groups: parameters of martensite, of
austenite and those related the forward and reverse martensitic transformation [37]. The
parameters related to the martensite and austenite case can be identified with an
elastoplastic deformation test. For the martensite phase the parameters Gp (or Ey),
Poisson’s ratio vm, C, and a, can be found by maintaining the temperature below the
martensite finish temperature. The parameters G, and v, for austenite are determined by
keeping the temperature sufficiently high such that no martensitic transformation can
occur and the SMA is completely composed of austenite. To determine if there are any
temperature effects on these parameters, the tests may be repeated several times at

slightly different temperatures.

The martensite and austenite start and finish temperatures (Ms, M, As and Af) are
usually provided by the manufacturer but can easily be determined using a simple
resistivity test. Pseudoelastic and SME tests can be used to identify the rest of the
parameters. Ay and By are determined in the loading process involving stress induced
martensitic transformation, A, and B, are determined in the unloading process involving

stress induced reverse martensitic transformation and k; is determined with SME [37].

In the original martensite volume fraction expression developed by Tanaka [46], the
parameters Ay and A, can also be determined arithmetically using the following

relations.

_ In(0.01) 4 in(0.01)

= . A-1
MS_MF ! AS_AF ( )

M
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APPENDIX C — TWO-PHASE CONSTITUTIVE MODEL MATLAB
CODE

The code for the actuator constitutive model illustrated in Figure 4-2 is composed of
several sub-functions imbedded in two loops. Each sub-function represents one or several
internal variables. The internal loop computes the stress output for a unit thickness for the
complete strain cycle and the main loop repeats the procedure for each unit thickness.

The stress matrix is then used to compute the output moment and force.

Code 1: Main Program

function SMAmodel

$State all global variables, material constants and actuator dimesnsions
global e eP eT S Sa Sm V Va Vm dVa dVm sig Ql Q2 Q3 dz dsigdT T dt dphi
D dz2 B stressA stressM A D Ekk dEkk E Et Seq SeqAvr dSeqg de deP deT
dSm dSa dQl dQ2 dQ3 dsig dT ;

global Ga Gm Ea Em Ka Km C a Aa Am Ba Bm kT alphaA alphaM T0 As Ms Af
Mf P;

global L theta0 R thick width r dtheta dSmAvr;

$initialize variables, material and geometric constraints
InitializeMaterial;

InitializeVariables;

InitializeGeometrics;

InitializeControl;

$Cbtain strain distribution
Edistribution; %eq 5: E(r,t} x-~section strain distribution

tConmplete simulation per unif CrosSs—seCiion——— === ———————— Main loop

L0

for i=l:length(r)
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$Simulation per unit time for one section of radiie--——==--e—me—-—n Sub Loop

for t=l:length(T)

Deviatoric(i,t);%eg 41: e(t+l) de(t+1l} Ekk{t+l) dEkk{t+1)

Xi(t); kegq 31: sig(t+

T(t+1)

dsigdT {t+1) d7 (£+1)
DphiFUNC(t); Seq 38: dphi{t+l) de{t+l) deT(t+il} D{t) Sm{t)

dsig{t+1)
DzFUNC(t) ;
DQFUNC (t) ;

©) Q)

DStress (i, t); seq 17, eg 35, eq 37: Salt+l) S{t+1l} Segl{t+l)

dSeg{t+l) stress{t+l}

VStress(i,t); feqg 19: V Vm Va(tf)

EIUA B e e e e e e e e e e Suk Loop #1

LA o o e e e e e Main Loop

moment = ActuatorMoment;

force = ActuatorForce (moment) ;

plot (Et, force);
ylim ([0 .2])
x1im ([0 31)

xlabel (*Actuator Total

ylabel ('Force [N]')

Code 2: Initialization Functions

function InitializeMaterial;

global Ga Gm Ea Em Ka Km C a Aa Am Ba Bm kT alphaA alphaM TO As Ms Af
Mt P;
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Ga
Gm
Ka

Q
i

o
I

kT

alphaZA = 11.0e-6;

It

31.0;
13.0;
81;

=34;
[550 15 1.371;
[28000 750 807%;

3.2;

alphaM =
T0 = 300;
As = 345;
Af = 358;
Ms = 331;
Mf = 273+30;

% (mm/mm)

6.6e-0; % (o /mm )

$kelvin
Fkelvin

Fkelvin

tkelvin

function InitializeVariables;

global eP eT de deT deP dSmAvr Q1 Q2 Q3 dQl d@2 d@3 S Sm Sa B Seq sig

dsig dsigdT

eP(:
eP(:

eT (:

eT (:
de (:
(:
(:

deT
deP

H

P

I

I

It

V Va Vm stress D SegAvr;

zeros (3);
zeros (3);
zeros (3);
zeros (3);
zeros (3);

zeros (3);

zeros(3);
zeros(3);
zeros (3) ;
zeros (3);
zeros (3);
zeros (3);
zeros (3} ;

zeros(3);

zeros(3){

zeros (3);

/ C

/ C
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S(:,:,1) = zeros(3);
Sm(:,:,1) = zeros(3);

dSmAvr{:,:,1) zeros(3);

dSmAvr (:, :

~
N
|

= zeros(3);
dSmAvr(:,:,3) = zeros(3);
Sa(:,:,1) = zeros(3);
dSa(:,:,1) = zeros(3);
B(:,:,1)
B(:,:,2)
D(:,:,1)
D(:,:,2) = zeros(3);
Seq(1)=0;

dSeqg(1)=0;
dSeqg(2)=0;
dSeqg(3)=0;
dSeq(4)=0;

SegAvr (1)=0;

0;

0;

SegAvr (4)=0;

i

zeros{3);

It

zeros (3) ;

zeros (3);

I

SegAvr (2)
SeqAvr (3)

sig(l)=1;
dsig(1)=0;
V(1l)=0;
Va(l)=0;
Vm{1l)=0;
stress (1)=0;

dsigdT (1)=0;

function InitializeGeometrics;

global L theta0 R thick width MaxStrain dr r;

L = 2.86;
R = 0.32; internal radius: R<CG<R+thick
thick = 0.07;

width = 5.9;
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function InitializeControl;

global TO Af;

global T dT dt Et;

global R thick thetal MaxStrain dr L r;

dT(1)=0;

dt = 0.01;
simulationtime =
Tstartime = 2;
thetal=pi/2;
MaxStrain = 0.03;
dr = thick/50;

r = R:dr:R+thick;

dtheta = 0:0.01:pi/2;

T(1)=294;
Et(1)=0;

§—-—---0Obtain maximum deflection angle and total

actuator slize—-—--

Rcurv

for m = l:length(dtheta)
strain(:,m) =

if strain(l,m)<MaxStrain

Ytemperature derivative

3used in first sinus based Temp control

$thickness wvariable
% ai angle variable

thick/log{(R+thick)/R);

Zse

fradius of curvatur

(Rcurv-r)./r/thetal0*dtheta (m) ;

trunkstrain(:,m)=strain(:,m);

trunkdtheta (m)=dtheta (m) ;

else

end

MaxAngle = trunkdtheta(m);

thetal - MaxAngle;
(R+thick/2) *thetal;

$internal variable

internal variable

strain according

to
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MaxTotStrain = ([L*cos(Y)-X/Y* (thetal*cos(Y)-sin(Y))]-

(R+thick/2) )/ (R+thick/2); %pa 1stBook

leration———-m——— s e

= MaxTotStrain*{-cos(t)y+ 1)/2;
for h=l:length{t)
if t{h)<Tstartime

T .
iUy

il

~

CYy-=TC)y* {~cos{t {(h)-1

(o]

sMarter e temperature and t:

for i=2:length(t)
T(i)=294; : !
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end

i=2;

while Et (i-1)<MaxTotStrain
Et(i)=Et (i-1)+0.005;
i=i41;

end

while Et (i-1)>2.42%63
Et(i)=Et (i-1)-0.005;
i=i+1;

end

while i<=length(t)
Et (i)=Et (i-1);

i=i+1;
end
¥Definition of dT

for h=2:1length(T)
dT (h)=T (h)~T(h-1);

end
Code 3: Strain Distribution

function Edistribution;

global e Ekk E Et;
global L thetaO0 R thick width r dtheta;
global VAR1l; %local wvariable

RO = R + thick/2;
s s s s e Vertical position WRT total
y = Et*RO + RO;
G e Cbtain change in angle of circular arc
for i=1:length(y)

VAR1=y (i) ;

theta(i) = fzero(@yfunction, [0.8 2]);

TraIn e e
f actuator section-=——---
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end

dtheta = thetal0 - theta;

B e e Cbtain strain distribution across thicknesg——-——-——————

Rcurv = thick/log((R+thick)/R);

for i = l:length(dtheta) %$i is the universal time
E(:,1) = (Rcurv-r)./r/thetal0*dtheta(i); $E{r,t; where R<r<R+thick

end

end Fr—mm e e @I e o e e

function [fun] = yfunction(Y)

global L theta0 R thick VARL;
fun = L*cos(Y)-((R+thick/2)*thetal)* (thetal*cos(Y)~-sin(Y))/Y - VARL;

end

Code 4: Deviatoric Strain.

function Deviatoric(i,t)

global e de Ekk dEkk E T;

v = 0.33;
dEkk (1) = 0;

gsgon ratio

if t<length(T)

Ekk{(t+1)=E(i, t+1)* (1~2*Vv);

e(:,:,t+l) = [(E(i,t+l)—Ekk(t+l)/3) 0 0;0 (~Ekk(t+1)/3) 0;0 0 (-
Ekk(t+1)/3)1;

de(:,:,t+1l) = e{:,:,t+1) - e(:,:,t):;

dEkk(t+1) = Ekk(t+l) - Ekk(t):;

end
Code 5: Martensite Volume Fraction

function Xi(t):;
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global T dT dSeq Seqg dsig sig dsigdT de e dSm Sm SegAvr;
global RAa Am Ba Bm As Ms Af;

BA=10;%10

BM=15;%13

Aa = 0.45;
Am = 0.25;
Ba = 60;
Bm = 30;
if t>1
if Ms+Bm*SegBhAvr (t-1)-T(t) <=0 & sig(t-1)<0.01 FL->M
sig(t)=0;
dsig(t)=0;

elseif T(t)-As-Ba*SegAvr(t-1l) <= 0 & sig(t-1)>0.99 GM->A
sig(t)=1;
dsig(t)=0;

else

if dT(t)-Ba*dSeq(t-1)>=0 EM->A
dsig(t)= -Ra * sig(t-1) * (dT(t) - BA*dSeqg(t-1));

fnegative strain criteria |[}i positive strain criteria
if Sm(1,1,t-1)<0.004 & dSeg({t-1)<0 & dSm(1,1,t-1)>0 &
e(l,1,t)<0 | Sm(1,1,t-1)>-0.004 & dSeqg(t-1)<0 & dSm(1,1,t-1)<0 &
e(l,1,t)>0
dsig(t)=0;

end
elseif -dT(t)+Bm*dSeqg(t-1)>0 . : SA->M A+
dsig(t)= Am * (1 - sig(t-1)) * (=dT(t) + BM*dSeqg(t-1));
else
dsig(t)=0;
end

sig(t) = sig(t-1) + dsig(t);

end
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if sig(t)<o0
sig(t)=0;
elseif sig(t)>1
sig(t)=1;
end
end
1f dT(t) ~= 0
dsigdT (t) = dsig(t) / dT(t);
else
dsigdT (t)=0;

end

end

Code 6: Phase Transformation Strain

function DeTFUNC(t) ;

global kT eP eT deT dsigdT dT T;

if t>1

deT(:,:,t) = kT/2 * (eP{:,:,t) + eT{(:,:,t)) * (dsigdT(t)*dT(t) -
abs (dsigdT (t) *dT (t)) )

eT(:,:,t+l) = deT(:,:,t) + eT(:,:,t):

end

Code 7: ¥

function DphiFUNC(t) ;

global de deT sig dsig dphi D Sm T;
global Gm;
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if t>1

Sm

end

if sig(t)>0.01

VAR = 2*CGm*sig(t)*(de(:,
t,0,t-1) /sig(t)) *dsig(t);

else
VAR = zeros{3);

end

if isempty(VAR)
dphi(:,:,t)=zeros(3);
else
dphi(:,:,t)=VAR;

end

i, t)-deT(:,:,t))

Code 8: Generalized Time

functicon DzFUNC(t);

global dphi B sig dz dz2 P T;
global Gm C;

if t>1

Al=TensorContract2nd(B(:,

L) B, s, 8) )

A2=(sig{t)*sum(C) + 2*sig(t)*Gm)"2;

A3=TensorContract2nd{(B{:,:,t),dphi(:,:,t));

Ad=TensorContractznd (dphi(:,

vector = [Al-A2 -2*A3 RA4];

r = roots(vector);

if isempty(r)

:It)ldphj—(:l:lt>);
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dz (t)=r(2);
dz2(t)=2;
elseif r(1)>=0
dz (t)=r(l);
dz2 (t)=1;

else

end

end

function DQFUNC(t);

$r

i

smaller and more stable

Code 9: Generalized Force

global Q1 Q2 03 dQl1 dQ2 dQ3 sig dsig e eP Sm dSm dSmAvr deP deT de dz T

B D dphi;
global C a Gm;

i1f t>1
A=sig{t)* (sum(C));

if sig(t)>0.001

deP(:,:,t) = (-B(:
dQl(:,:,t) = sig(t)*C(1l)*deP(:,:,t) + (dsig(t)/sig(t)

a(l)*dz(t))*Q1l(:,:,t);

doz2(:,:,t) = sig(t)*C(2)*deP(:,:,t) + (dsig(t)/sig(t)

a{2)*dz(t))*Q2(:,:,t);

dQo3(:,:,t) = sig{t)*C(3)*deP(:,:,t) + (dsig(t)/sig(t)

a(3)*dz(t))*03(:,:,t);
%dSm{:, :

dSm{(:, :

in the M->»A transision

eP(:,:,t+1l) = deP{(:
dol(:
dg2 (:
do3(:

Q1 (:,:,t+1)
Q2(:,:,t+1)
Q3(:,:,t+1)

]

+

eP(:,:,t);
+ Q1 (:,:,t);
+ Q2(:,:,t);
+ Q3(:,:,t);

siet)*dz(t) + dphi(:,:,t))/ (A + 2*sig(t)*Gm);
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Sm(:,:,t)

else

deP(:,:,t)

eP(:,:,t+1)

dSm(:,:,t)
Sm{(:,:,t)

Ql(:, :,t+1)
Q2(:,:,t+1)
Q3(:, :,t+1)

end

if t>3

zeros (3} ;
= zeros(3);

zeros (3);

= zeros(3);

= zeros(3);
= zeros(3);

= zeros{3);

dSmAvr(:,:,t)=(dSm(:,:,t)+dSm(:,:,t—l)+dSm(:,:,t—2)+dSmK:,:,t~

3))/4;

B(:,:,t41) = -(a(1)*QL{:,:,t+l) + a(2)*Q2(:, :,t+1) +

a(3)*Q3(:,:,t+1));

if sig(t)>0.01
D(:,:,t+1)
else
D(:,:,t+1)
end

end

It

It

1/sig(t)*(QLl(:, :,t+1)+Q2(:, :, t+1)+03(:, :, t+1));

zeros (3);

Code 10: Volumetric Stress

function VStress (i, t);

global V Va Vm dvm dVa Ekk dEkk sig dsig T S Sm Sa dT stress;

global Ka Km alphaA alphaM TO;

TOa = 357;

I’
w

Vm{t)= 3*sig(t)*Km* (Ekk(t)
Va(t)= 3*kl—sig(t))*Ka*(Ekk(t) - 3*alphalA* (T(t)-T0a)):

- 3*alphaM* (T (t)-T0));
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V(t) = Va(t) + Vm(t);

stress(i,t) = Sa(l,1,t)+ Sm(l,1,t);

Code 11: Moment and Force

function moment=ActuatorMoment;

global T stress;
global thick R width r dr;

Rcurv = thick/log((R+thick) /R);

for i=1l:length{(T)

moment (1) = width/1000 * sum(stress(:,i)*1le?

r(:))/1000)*(dxr/1000));

end

function force = ActuatorForce (moment);

global thetal dtheta thick L R;

theta = thetalO-dtheta;
RO = thick/log((R+thick)/R);

%calculate x position wrt the angle change

Xe = RO*thetal./theta.* (l-cos(theta)) +

get force(t)

force = moment./(Xe/1000);

.* ({(Rcurv-

(L-RO*thetal)*sin(theta);
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APPENDIX D — SMA RESPONSE FOR NEGATIVE STRAINS
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Figure A-4: Pseudoelasticity of NiTi at 84°C for negative strains
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APPENDIX E — APPROXIMATE FORWARD KINEMATICS
ALGORITHM

This function determines the homogeneous transformation matrices 4 for each module
based on the actuator lengths computed from (5-3) to (5-6). This function is the starting
point for the refined kinematics algorithm.

Code 12: Approximate Forward Kinematics

function [Ai,Aii,Aiii,Adiv,displ,typel]= Point Cloud(R1,R2,L);

W

¢lengths determined by static analysis

11=18.99; hl=15.92; 1123=13.59;

3rotations between anchor points

RzNeg

It

[cos(=2*pi/3) =-sin(-2*pi/3) 0 0;sin(-2*pi/3) cos(-2*pi/3) 0 0;0
010;000171;

It

RzPos [cos(2*pi/3) =sin(2*pi/3) 0 0;sin(2*pi/3) cos(2*pi/3) 0 0;0 0 1

0;0 0 0 11;

G e e o e Cne actuator ©s

. 1% negative since 11<L produces negative X rotation

theta

I

atan{ (-L"2+2*11*L+8*R2*R1+4*R1"2~
1172+44*R272)™(1/2)/ (R2+R1) 2% (=114+L) / (-4*R2*R1-2*R1"2-2*R2"2+11"2-
2*11*L+L"2) * (2*R2*R1+R172+R2"2) ) ;
%z is negative but calculated based on positive theta

1-(R2*cos (-theta) -R2+Rl*cos (-theta)-R1) "2/ (-11+L)"2)"~(1/2) -
1)-R2*sin(-theta);
ive but calculated based on positive theta

t
y = L/(11-L)* (R2+R1l) * (cos (~theta)~-1)+R2* (cos (~theta)~-1);

s
Il

[1 00 0;0 cos(theta) -sin(theta) 0;0 sin(theta) cos(theta) 0;0 0 0
1]1;
D= [000x;000vy;0:00 z;00 0 071;
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$Position 100

Al100

R+D;

$Position 010

¢

A010 = AxisAngle (-2*pi/3, theta)+RzNeg*D;

(Pogition 001

A001l = AxisAngle (2*pi/3,theta)+RzPos*D;

e e e Two Actuator Cage———=—mem e e o
% e since hl<L produces positive X rotation

theta2 = -atan(2* (-L"2+2*L*h1+4*R2*RI+R1"2+4*R2"2-h1"2)"~(1/2)* (L~
hl)/(2*L"2-4*L*h1+2*h172-4*R2"2-4*R2*R1-R1"2));

%z is positive and calculated based on positive theta

z2 = L+L*(1/2*sin(theta2)* (2*R24R1)/ (L-hl)-1)-sin(theta2)*R2;

%y 1s negative and calculated based on positive theta

y2 = -1/2*L* (4-sin(theta2)"2* (2*R2+R1)"2/(L-h1)*2)"(1/2)-

R2* (cos(theta2)~-1);

$x 1s zZero

x2 = 0;
RZ = [1 0 0 0;0 cos(theta?2) -sin{theta2) 0;0 sin(theta2) cos(theta2)

0;0 0 0 171;
D2 = [0 0 0 %2;0 0 0 y2;0 0 0 z2;0 0 0 Q];

All10 = AxisAngle (2*pi/3,theta2)+RzPos*D2;

B o Three Actuator Cas

o

™

$R3 and R4 equal 0 therefore A is equal to D
[1000;0100;0011123;0 0 0 1];
A0OO = [1 0 0 0;0 10 0;001©L;000 1];

g
.
—
H
Ii
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A(l:4,1:4,1)=A000;
A(l:4,1:4,2)=R100;
A(l:4,1:4,3)=A010;
A(l:4,1:4,4)=R001;
A(l:4,1:4,5)=R011;
A{(l:4,1:4,6)=RA101;
A(l:4,1:4,7)=A110;
A(l:4,1:4,8)=A111;

g e e End-effector Coordinates—--———--——=——————m————m
w=1;
for 1=1:8
for j=1:8
for k=1:8
for 1=1:8

Tmatrix=A(:, :,1)*A(:,:,3)*A{:, s, K)*A(:,:,1);

dispQO(w,1:3)=Tmatrix(1:3,4);
Ai(1:4,1:5,w) = horzcat (A(:,
Aii(l:4,1:5,w) = horzcat(A(:,

Aiv(1l:4,1:5,w) = horzcat(A(:,
type(w,1:4) = [i J k 1];
w=w+1;
end
end
end

end

plot3(dispO(:,1),disp0(:,2),disp0(:,3), k. ")

:,1),[1;0;0;01);

:,3),0073:0;01);
Aiii(1:4,1:5,w) = horzcat(A(:,:,k),[0;0;k;01):;
:,1),10;0;0;11);
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APPENDIX F — REFINED FORWARD KINEMATICS STATE MODELS

F.1 First State Algorithm

The first state algorithm computes the change in actuator length from the induced
moments of the upper stages. The actuator lengths are assumed to remain perpendicular
to the support plates regardless of the induced module rotation, y = 90°. From Figure 5-4,
the maximum tensile force of the actuator in the martensite phase is Fu™* = 0.35N. The
constitutive SMA model has shown that the actuator exhibits similar responses to

compressive strains therefore Fu™" = —0.35N.

Prior to application of the bending moments, it is assumed that the actuators are
exerting the maximum tensile force on the support plates and that they can compress to
the minimum value of Fu™". Larger moments would result in the buckling of the unit
module. The analysis of the first state algorithm is divided into two cases: positive and
negative x-axis moments. In the case of a positive moment in the x-axis, the free-body

diagram of the unit module in the y-z plane is given by:

: Fp
Y290 JeRo Ry ”{,.1;
Fulg Fuy

Figure A-5: Unit module free body diagram in y-z plane

The resulting moment balance equation is given by:

Fu :FPR_Ful(R_Rl)_MX (A-2)
%3 2R +R,

Although this relation is theoretically correct, numerically calculations have shown
that the change in the un-actuated force, AFu, 3, can be better approximated by (A-3).

This relation assumes that induced moment Mx is sustained primarily by the change in

A
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force AFu,; accompanied by the change in length ALu,;. The effects of AFu; are

neglected due to the proximity of the actuator to the center of rotation.

u, . = Mx (A-3)
2 2R+R,
And
Fuyy = Fuy5 + AFu, (A-4)
The actuator length is then given by:
; Fué,3
Lu,, = Z +L,, (A-5)

m

Actuators 2 and 3 also sustain the induced y-axis moment. In this frame, the center of

rotation of the free-body diagram in the x-z plane is located at the center of the module.

x(iT {Eﬂ'y""

0

Figure A-6: Unit module free body diagram in x-z plane

From symmetry, the un-actuated forces, Fu, s, are eliminated from moment balance

equation and the resulting relation is given by:
. M
AFuy, =—X A-6
23758 (A-6)

If the moment in the y-axis is greater than in the x-axis, one of the final lengths, Lu,"

or Lus", may be greater the maximum actuator length of 30mm. In this case, one of the

i
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actuators is assumed to exert the maximum output force of 0.35N and the moment

balance equation becomes:
AFul, = Ful, — Fum™ + M/ (A7)

In the case of a negative Mx the center of rotation is located on the opposite side of the
support plate. Again, it is assumed that the negative moment is sustained primarily by the

change in force AFu;.

AFu, = A-8
" R+R, @9
And
Fu] = Fu™ + AFu, (A-9)
The actuator length is then given by:
. Fu!
Lu, = 5 L+ Ly, (A-10)

m

In this case, both actuators 2 and 3 are stretched to their maximum lengths therefore
one of these actuators is exerting the maximum output force of 0.35N. The free-body

diagram is similar to Figure A-6 and the moment balance equation becomes:

Fu,,=Fu™ —M,/R (A-11)
And
- Ful,
Luj; = T +L,, (A-12)
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The applied moments generate a rotation in the unit module according to the actuator
lengths computed above. It is assume that, regardless of the magnitude of the moments,
there is a location at which the bellows is fully extended. This location is represented by

. the vector H and is described by the angle theta in Figure A-7.

T Ly,

Figure A-7: Moment induced rotation change

For the basis of this study, theta is expressed by the ratio of the x and y-axis moments.

6 =tan™ (—M—Y—) (A-13)
MX

The shortest actuator length is used to determine the induced rotation of the unit
module. In the first case this length is Lu," and in the second case is the shortest length
between Lu; 3 and Lu;'. The unit module inclination angle & was found by replacing R; in

(5-2) with the projected length Pp, given by:
P, =R, cos@ (A-14)

The rotation matrix within the homogeneous transformation matrix of the unit module
is obtained using the rotational conversion presented above and the translation

components are given as:
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x' =D, sinf
y' =D, cos@ (A-15)
z'=L-D,

F.2 Second State Algorithm

Several approximations were made to simplify the coding of the second state
algorithm and all other state algorithms involving one or two actuated SMAs. The angle y
between the actuator lengths and the support plates is evaluated at the previous stage for
both the single and double actuated cases. The gamma angles computed in the first
iteration are used in the second iteration. For states 2, 3 and 4, y = 1.19 radians and for
states 5, 6 and 7, = 0.89 radians. Applying the local moments, the free body diagram of
the unit module cross-section in the y-z plane is used to determine the actual length of the

activated actuator.

M F z
\9}(". up T—}Y
SRR

Y
Fo Fuga=0 g, Fu=l

Figure A-8: Unit module free body diagram in y-z plane

It is assumed that at this stage the reaction forces of the un-actuated SMAs are
negligible compared to the force of the actuated SMAs. It is also assumed that the force
exerted by the bellows on the activated side of the module is negligible. With these

assumptions, the moment balance is given by:

F.R+M
Fal— P X

T cosy(RTR,) (410

Using the austenite elastic modulus derived in Figure 5-4 and the initial actuator length

specified in chapter 5, the actuator length is obtained from:
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La=FalE, +L,, (A-17)

The effect of the y-axis moment is obtained from the free-body diagram of unit module

cross-section in the x-z plane.

X(iT my*

Q

WL nl Hﬂ F =0
ustosy Fugcosy

Figure A-9: Unit module free body diagram in x-z plane

Again the forces exerted by the bellows is assumed to be negligible and the applied
moment, My, is sustained entirely by the un-actuated SMAs. Since it is also assumed that
the initial forces F,; and F,; are negligible, only the change in length is considered in the

moment balance equation.
0=M, +R(Fu, — E, ALu, )cosy — R(Fu, + E,,ALu,)cos y (A-18)

Assuming the change in length remains small, the following approximation can be made:

ALu; = ALuz; = ALu and (A-18) is reduced to:

M Y
U=—-L (A-19)
2E, Rcosy
Applied moments will cause a shift in the rotation angle of the unit module. An
analogy similar to that of the first state algorithm is used to determine the percentage of
induced rotation. However, a sinusoidal function is used to model the location of the H

vector based on the difference between the un-actuated and the actuated lengths.

0 = —sin| — (A-20)
3 l: 2\ La—-Lu
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The rotation matrix and translation components for states 2 to 7 are obtained using the

same methodology as in the first state algorithm.
F.3 Eighth State Algorithm

The eighth state algorithm computes the change in actuator length from the case of a
fully actuated unit module. The initial actuator length is determined based the difference
between the pressure force and the weight of the previous modules, F,. Again, the

actuator lengths are assumed to remain perpendicular to the support plates.
Fal,,=(F,-F,)/3 (A-21)

As with the other states, the effects of M, on the actuator length was determined then
adjusted according to My. The change in actuator length due to M, is obtained from the
free-body diagram Figure A-10. It was assumed that the forces exerted by the bellows

wall were negligible.

Figure A-10: Unit module free body diagram in y-z plane

The following relation is valid assuming the change in lengths remains small:
ALx| = -2ALx;, , (A-22)

The initial actuator forces, Fa 123, are equal and can be eliminated from the moment

balance equation resulting in a function of ALx, 5
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; M
ALx} , = —%— (A-23)
* " 3E,R,

The corresponding forces are given by:

Fal, =Fa,, —ALx!
P (A-24)
Fa = Fa, - ALx,
The effect of the local moment in the y-axis is obtained from the free-body diagram of

unit module cross-section in the x-z plane.

Zz

S Gy

F=0 I “‘Rq_ﬁ,,zu
Faa Fa%

Figure A-11: Unit module free body diagram in x-z plane

The actuator forces of the first iteration, Fa, s, are also equal and can be eliminated
from the moment balance equation. The resulting equation is simply a function of ALx; ;"

and is given by:

) M
ALy,, = ﬁ (A-25)
A

As opposed to the other seven states, the bellows is compressed along the entire
circumference of the vertebra. However, the same analogy is applied to obtain the
modified homogeneous transformation matrix. The H vector is used to locate the highest
or most stretch-out point of the bellows and is determined based on the ratio of the two

moments.

6= tan‘l(MY j (A-26)
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The H vector and the actuator location projections, P, fora negative x-direction moment

and a positive y-direction moment are represented in Figure A-12.

H(Mys M)

Figure A-12: Moment induced rotation change

The actuator location projections are obtained based on the angle theta and the

actuator lengths are adjusted using the ALs computed above.

i i i
La| =Laj,, +ALx,

iii i i ii (A-27)
Laz,s = La1,2,3 - Asz,3 —ALy,,

The rotation matrix and displacement terms are found using the same algorithm as the

other seven cases.
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APPENDIX G — REFINED FORWARD KINEMATICS ALGORITHM

Following the computation of all the manipulator configurations, the end-effector end-

point positions are saved and stored (to be used by the inverse kinematics algorithm).

Code 13: Refined Forward Kinematics Main

function MainKinematics;

clear all;

clear variables;

LoA = 8.3; LoM = 25.5; L 30; %mm

o
=
i
o
s}
N

= 10; %mm
Ea = 0.34; Em = 0.356; %N/mm
Fp = 5.4; %N

[Ai,Aii,Adlii,Aiv,disp0,type] = Point Cloud(R1,R2,L);

for i=1:2

for w=1:4096

s o s Unit module #3 ~——memmemem e e

Ai(l:4,1:4,w)*Aii(1:4,1:4,w)*Aiii(1:4,1:4,w)*Biv(l:4,1:4,w);
A3 = Ai(1:4,1:4,w)*Aii(1:4,1:4,w)*Aiii(1l:4,1:4,w);

Rot = A3(1:3,1:3);

Fvert = inv(Rot)*[0;0;~-W];

dX = inv(Rot)*[(A4(1,4)-A3(1,4)); (R4(2,4)~A3(2,4));(R4(3,4)~
A3(3,4))1;

Fw

Fvert (3);

type3 = Aiii(3,5,w);
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Aiii(1l:4,1:4,w) =

CaseSelector (dX, Fvert, Rot, Fp, Fw, LoM, LoA, L, R2,Rl, Ea,Em, type3) ;

Ai(l:d4,1:4,w)*Rii(1:4,1:4,w)*A1i1i(1:4,1:4,w)*Aiv(1:4,1:4,w);
A3 = Ai(1:4,1:4,w)*Aii(1:4,1:4,w)*Ri1ii(1:4,1:4,w);
A2 = Ai(l:4,1:4,w)*Aii(1:4,1:4,w);

Rot = A2(1:3,1:3);
Fvert = inv(Rot)*[0;0;-W];

dX = inv(Rot)*[(A4(1,4)+A3(1,4)-2*A2(1,4)); (A4(2,4)+A3(2,4)~

2*A2(2,4)); (A4(3,4)+A3(3,4)-2*A2(3,4))];
Fw = 2*Fvert(3);

type2 = Aii(2,5,w);

Aii(l:4,1:4,w) =
CaseSelector (dX, Fvert, Rot, Fp, Fw, LoM, LoA, L,R2,R1, Ea, Em, type2) ;

A4 =
Ai(l:4,l:4,w)*Aii(l:4,i:4,w)*Aiii(1:4,l:4,w)*Aiv(l:4,l:4,w);

A3 = Ai1(1:4,1:4,w)*RAii(l:4,1:4,w)*Aiii(1:4,1:4,w);

A2 = Ai(l:4,1:4,w)*Aii(1:4,1:4,w);

Al = Ai(1:4,1:4,w);

Rot = A1(1:3,1:3);

Fvert = inv(Rot)*[0;0;-W];

dX = inv(Rot)*[(A4(1,4)+A3(1,4)+RA2(1,4)~
3*AL(1,4)); (A2(2,4)+A3(2,4)+A4(2,4)-
3*A1(2,4));(A2(3,4)+A3(3,4)+A4(3,4)-3*A1(3,4))]1;

Fw = 3*Fvert(3);

typel = Ai(1l,5,w);

Ai(l:4,1:4,w) =
CaseSelector (dX, Fvert, Rot, Fp, Fw, LoM, LoA, L, R2,R1, Ea, Em, typel) ;

i

B e e Unit module $#1 e oo
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A4 =

Ai(l:4,1:4,w)*RAii(1:4,1:4,w)*Ad1ii(1:4,1:4,w)*Aiv(1:4,1:4,w);
Amatrix(1l:4,1:5,w) = horzcat (Ad, [typel;type2;type3;typedl]);

disp(w,1l:3)=RAmatrix(1l:3,4,w);

end

D(:,1:3,1)=disp(:,1:3);

end

D(:,1:3)=D(:,1:3,2);
for w=1:4096

displacement{(w,1:7) = horzcat(D(w,1:3),type(w,1:4));

end

save displacemnent;

plot3(D(:,1,1),D(:,2,1),D(:,3,1),'k.*,D(:,1,2),D(:

isp0(:,1),disp0(:,2),disp0(:,3),'r.")

Code 14: Case Selector

function newhA =

CaseSelector (dX, Fvert, Rot, Fp, Fw, LoM, LoA, L, R2,R1,Ea, Em, type) ;

if type==

newA=case(000 (dX, Fvert, Rot, Fp, Fw, LoM, L, R2,R1, Ea, Em) ;

elseif type==

newA=casel00 (dX, Fvert, Rot, Fp, Fw,LoA,L,R2,R1,Ea, Em) ;

elseif type==

newA=case010 (dX, Fvert, Rot, Fp, Fw,LoA,L,R2,R1,Ea, Em) ;

elseif type==4

newA=case001 (dX, Fvert, Rot, Fp, Fw, LoA, L, R2,R1l,Ea, Em) ;

elseif type==

newA=case0ll {dX, Fvert, Rot, Fp, Fw, LoA,L,R2,R1,Ea, Em) ;

elseif type==

+

newA=casel0l (dX, Fvert,Rot, Fp, Fw, LoA,L,R2,R1l,Ea,Em) ;

B e e e B MATTLR mrmmmmm om oo mmm
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elseif type==7
newA=casellO (dX, Fvert, Rot, Fp, Fw, LoA,L,R2,R1,Ea,Em) ;
elseif type==
newA=caselll (dX, Fvert, Rot, Fp, Fw, LoA,L,R2,R1,Ea,Em) ;
else
| error(‘kicking ass is for the other guy’);

end

Code 15: Length Computation for Each Unit-Module Configuration

function newA=case000 (dX, Fvert, Rot, Fp, Fw, LoM,L,R2,R1,Ea, Em) ;

-~ ™,

% () Constants Fmax:

Fmax = 1.602; %average maximum actuator force in martensite phase

% 1)} Convert Mglobal to Miccal ---——-- M o= [Mx;My; 0]

Mlocal = cross (dX, Fvert);

if Mlocal(l)>=0

% 2} Compute force of affected actuators due to Mx{reduced in length)

dFun23 = -Mlocal(1l)/ (2*R2+R1);
Lun23 = (dFun23+Fmax)/Em + LoM;

% 3 Compute change in length due to My

dLy = abs(Mlocal(2))/(2*Em*Rl*cos(pi/6));

if (Lun23 + dLy) >= L
dLy = (dFun23+Fmax - Fmax + abs (Mlocal(2))/Rl/cos(pi/6))/Em;
end

Lmin = Lun23 - dLy;

% 4) Pind moment induced rctation direction change and length
projection
if Mlocal(l)~=0 & Mlocal (2)~=0

theta pi/2*Mlocal (2)/ (abs (Mlocal(1l))+abs(Mlocal(2)})):;

]

else

theta 0;
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end

P123 = Rl*cos(pi/3-abs(theta));

[alpha,Dh,Dz] = angle(Lmin,P123,L,R2,L);

a = alpha;

t = theta;

X = Dh*sin(t);
Y = -Dh*cos(t);

B e o B3 o o
else
% b} Compute force of affected actuators due to Mx{reduced in length)
dFunl = Mlocal(l)/(R2+R1l);
Lunl = (Fmax+dFunl)/Em + LoM;
% €) Compute forces dus to My

Fun23 = (Fmax*Rl*cos(pi/6)—abs(Mlocal(2)))/(Rl*cos(pi/6));

Lun23 Fun23/Em + LoM;

i

% 7) Find moment induced rotation along =z
if Mlocal(1l)~=0 & Mlocal(2)~=0
theta = pi/2*Mlocal (2)/(abs (Mlocal(l))+abs (Mlocal(2)));
else
theta = 0;
end
% 8) Check to find smallest length
if Lunl <= Lun23
Imin = Lunl;
Plmin = Rl*cos(theta);
else
Lmin = Lun23;
Plmin = Rl*cos(2*pi/3-abs(theta));

end
% 9) Find moment induced rctation direction change and length

projection

[alpha,Dh,Dz] = angle(Lmin,Plmih,L,R2,L);
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= —alpha;
= —theta;
Dh*sin(t);

<o T
It

= Dh*cos(t);

AxisAngle(t,a);
Z = L~-Dz;

[R(1,1) R(1,2) R(1,3)
R{(3,3) z;0 0 0 1];

newh = X:;R(2,1) R{(2,2)

function newA =

% 0) Constants
Gamma = 0.38; %angle gamma between actuator

Mz = [cos(2*pi/3) -sin(2*pi/3) 0;sin(2*pi/3)

Q

% 1)

dXlocal =

Convert Mglobal to Mlocal

inv(Mz) *dX;
Fvert = inv(Mz)*Fvert;

Mlcoccal = cross(dXlocal,Fvert);

R(2,3) Y;R(3,1) R(3,2)

case001 (dX, Fvert, Rot, Fp, Fw, Lo, L,R2,R1,Ea, Em) ;

al axis

cos (2*pi/3) 0;0 0 1]1;

[Ms;My; 0]

¥ 2} Find actuator#2 force and length
Fa = (Fp*R2 + Mlocal(l)) / (R1+R2) / cos(Gamma);

Fa/Ea + Lo;

shape function

% 3} Get unactuated length 11 and 12 from

Da = R1;

Du = R1/2;

Lu = La + (Da+Du)*(L-La)/ (R2+Da);

t 4 ite change in length of unactuated side due
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dLu = abs{(Mlocal(2))/(Em*Rl*cos{pi/6));

% 5} Find moment induced rotation direction change and length

projection
theta = pi/3*sin(pi/2* (dLu/ (Lu-La)));
P13 = Rl*cos(theta);

% 6} Get unit module rcotation and displacement

[alpha,Dh,Dz] = angle(lLa,Pl13,L,R2,L);

a = -alpha;
if Mlocal (2)>=0

t = theta;
else
t = -theta;
end
R = AxisAngle (2*pi/3-t,a);
X = -Dh*cos(pi/6-t);
Y = -Dh*sin(pi/6-t);
Z = L-Dz;

newA = [R(1,1) R(1,2) R(1,3) X;R(2,1) R(2,2) R(2,3) Y;R(3,1) R(3,2)
R(3,3) Zz;0 0 0 1];

function newA=case(010(d¥X, Fvert, Rot, Fp, Fw,Lo,L,R2,R1,Ea,Em);

% 0) Constants

Gamma = 0.38; %angle gamma between actuator and vertical axis

Mz = [cos(-2*pi/3) -sin(-2*pi/3) 0;sin(-2*pi/3) cos{-2*pi/3) 0;0 0 1];
% 1} Convert Mglobal to Mliocal ---~-- Mos MMy 0]
dXlocal = inv (Mz)*dX;

Fvert = inv(Mz)*Fvert;

Mlocal = cross(dXlocal, Fvert);

§
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% 2} Find actuator#2 fcorce and

=
W
i

(Fp*R2 + Mlocal(l)) / (R1+R2) / cos(Gamma) ;
La = Fa/Ea + Lo;

% 3) Get unactuated length 11 and 13 from shape function
Da = R1;

R1/2;

La + (DatDu)*(L-La)/(R2+Da);

H o
c o
Il It

4} Compute change in length of unac

dLu = abs{Mlocal(2))/(Em*Rl*cos(pi/6));

% 5} Find moment induced rotation direction change and length
projection

theta = pi/3*sin(pi/2* (dLu/(Lu~-La)));

P13 = Rl*cos(theta);

% 6) Get unit module rotation and displacement

[alpha,Dh,Dz] = angle(La,Pl13,L,R2,L);

a = —alpha;
if Mlocal(2)>=0

t = theta;
else
t = -theta;
end
R = AxisAngle (-2*pi/3~-t,a);
X = Dh*cos(pi/6+t);
Y = -Dh*sin(pi/6+t);
Z = L-Dz;

newA = [R(1,1) R(1,2) R(1,3) X;R(2,1) R(2,2) R(2,3) Y;R(3,1) R(3,2)
R(3,3) z;0 0.0 11;

i
function newA=caselO0 (d¥X, Fvert, Rot, Fp,Fw,Lo,L,R2,R1l,Ea,Em);
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% 0) Constants

Gamma = 0.38; %angle gamma between actustor and vertical axis

% 1) Convert Mglcobal o Mlocal ~=—==w- M = [Mx;My;0]

Mlocal = cross{(dX, Fvert);

% 2) Find actuatcr#2 force and ler

Fa = (Fp*R2 + Mlocal(l)) / (R1+R2) / cos(Gamma) ;
La = Fa/Ea + Lo;

% 3} Get unactuated length 11 and 13 from shape functicn
Da = R1;
R1/2;

)
c
i

La + (Da+Du)*(L-La)/ (R2+Da);

H
o
I

% 4} Compute change in length of unactuated side due to My

dLu = abs(Mlocal(2))/{(Em*Rl*cos(pi/6));

projection
theta = pi/3*sin(pi/2* (dLu/(Lu-La)));
P13 = Rl*cos(theta);

% 6) Get unit module rotation and displacement

[alpha,Dh,Dz] = angle(lLa,Pl13,L,R2,L);

a = —alpha;
if Mlocal (2)>=0
t = theta;

else

ot
I

-theta;

end

R = AxisAngle(-t,a);
Dh*sin(t);
Y = Dh*cos(t):;

]

5} Find moment induced rotation direction change and length
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Z = L-Dz;

newA = [R(1,1) R(1,2) R(1,3) X;R(2,1) R(2,2) R{2,3) Y;R(3,1) R(3,2)
R(3,3) Z;0 0 0 171;

S e e e o e e e o e e ETIC] e e e o o e e s o i s e e e e

function newA=casellO(dX, Fvert, Rot,Fp, Fw,Lo,L,R2,R1l,Ea,En) ;

% 0} Constants

Gamma = 0.64; %angle gamma betwean actuato:
Mz = [cos(2*pi/3) =sin(2*pi/3) 0;sin(2*pi/3) cos(2*pi/3) 0;0 0 1];:
% 1) Convert Mglobal to Mlocal ~-—=—- M o= [Mx;My;0
dXlocal = inv{Mz)*dX;
Fvert = inv{Mz) *Fvert;

Mlocal = cross(dXlocal, Fvert);

% 2} Find actuator#l & #2 force and le

gth

Fa = (Fp*R2 - Mlocal(l)) / (R1+2*R2) / cos(Gamma);
La = Fa/Ea + Lo;

% 3} Get unactuated length 13 from shape function
Da = R1/2;

Du = RI1;

Iu = La + (Da+Du)*(L-La)/ (R2+Da);

% 4 Compute change in length of actuated side due to My

dLa = abs(Mlocal(2))/(2*Ea*Rl*cos(pi/6));

Find moment induced rotation direction change and length

projection
theta = pi/3*sin(pi/2* (dLa/ (Lu-La)));
Pl = Rl*cos(pi/3-theta);

% ©) Get unit module rof

tion and displacement
La = La - dLa;
[alpha,Dh,Dz] = angle(La,Pl,L,R2,L);
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a = alpha;
if Mlocal(2)>=0
t = theta;
else
t = —-theta;

end

it

AxisAngle (2*pi/3+t,a);
Dh*cos (pi/6+t)

It

Dh*sin (pi/6+t) ;

N < X
il

I

L-Dz;

newA =

R(3,3)

[R(1,1) R(1,2)
Z;0 0 0 11;

R(1,3) X;R(2,1)

R(2,2) R(2,3) Y;R(3,1) R(3,2)

function newA=casel(l (dX, Fvert, Rot, Fp, Fw, Lo, L,R2,R1,Ea, En) ;

% 0} Constants

Gamma = 0.64; %angle gamma between actuator and vertlical axis
Mz = [cos(-2*pi/3) -sin{(-2*pi/3) 0;sin(-2*pi/3) cos(-2*pi/3) 0;0 0 11;
% 1) Moment convertion o rotated axe

dXlocal = inv(Mz)*dX;

Fvert = inv(Mz)*Fvert;

Mlocal = cross(dXlocal, Fvert);

¢ 2} Find actuator#l & #3 force and length

Fa = (Fp*R2 - Mlocal(l)) / (R1+2*R2) / cos(Gamma);

La = Fa/Ea + Lo;

% 3} Get unactuated length 12 from shape function

Da = R1/2;

Du = R1;

Lu = La + (Da+Du)* (L-La)/ (R2+Da):; .
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% 4) Compute change in length of act

ed side due to My

dLa = abs(Mlocal(2))/(2*Ea*R1l*cos(pi/6));

o

% 5) Find moment induced rotatlon direction change and

projection

theta = pi/3*sin(pi/2*(dLa/(Lu-La)));
Pl = Rl*cos(pi/3-theta);

% 6) Get unit module rotation and displacement
La = La -~ dLa;

falpha,Dh,Dz] = angle(La,Pl,L,R2,L);

a = alpha;
if Mlocal(2)>=0
t

theta;

else

ot
i

-theta;

end

= AxisAngle (-2*pi/3+t,a);
-Dh*cos (pi/6-t);
= Dh*sin(pi/6-t);

N =< X %
i

= L-Dz;

newA = [R(1,1) R(i,2) R(1,3) X;R(2,1) R(2,2) R(2,3) Y;R(3,1)
R(3,3) Z2;0 0 0 171;

Gamma = 0.64; %angle gamma between actuator and vertlical axis
% 1)} Convert Mglobal to Mlocal =———=—-- M o= [Mx;My; 0]

Mlocal = cross(dX, Fvert);

o o~ o

% 2% Tind actuator$? & #3 force and length

R(3,2)
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&3]
Al
i

(Fp*R2 - Mlocal(l)) / (R1+2*R2) / cos(Gamma) ;
Fa/Ea + Lo;

=
V]
I

% 3} Get unactuated length from shape function
Da = R1/2;
Du = R1;

Lu = La + (Da+Du)*(L-La)/ (R2+Da);

% 4) Comyg

ite change in length of actuated side due to My

dLa = abs(Mlocal(2))/{(2*Ea*Rl*cos(pi/6));

% 5} Find moment induced rotation direction change and length
projection

theta = pi/3*sin{pi/2* (dLa/(Lu-La)));

Pl = Rl*cos(pi/3-theta);

% 6) Get unit module rotation and displacement

La

il

La - dLa;
[alpha,Dh,Dz] = angle(lLa,Pl,L,R2,L);

a = alpha;
if Mlocal(2)>=0
t = theta;

else

t = ~theta;
end
R = AxisAngle(t,a);
X = Dh*sin(t);
Y = -Dh*cos(t);
Z = L-Dz;

newA = [R(1,1) R(1l,2) R(1,3) X;R(2,1) R(2,2) R(2,3) Y;R(3,1) R(3,2)
R(3,3) z;0 0 0 1];

function newA=caselll(dX,Fvert,Rot,Fp,FW,LoA,L,RZ,Rl,Ea,Em);
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% 0) Get initial actuation forces
Fa = (Fp - Fw)/3; k

La = Fa/Ea + LoA;

% 1) Get local moment

Mlocal = cross (dX, Fvert):;

% 2} Compute change in length due to Mz
dLx23 = abs{Mlocal(l))/(3*Ea*R1l);

dLxl = 2*dLx23;

% 3) Compute change in length due to My

dLy = abs(Mlocal(2))/(2*Ea*Rl*cos(pi/6));

5) Find moment induced rotation direction change and length

oo

projection
if Mlocal (1)>0
theta = atan(Mlocal(2)/abs (Mlocal(1l)));
else
theta=0;
end
P11l = Rl*cos(theta);
P123 = Rl*cos(pi/6-abs(theta));

% 6) Get unit module rotation and displacement
1if Mlocal (1)>=0
11 = La + dLxl;
123 = La - dLx23 - dLy;
[alpha, Dh,Dz] = angle(l23,p123,11,P11,1L);
a = alpha;
t = theta;
X = Dh*sin(t);
Y = -Dh*cos(t);
else
11 = La - dLx1;
123 = La + dLx23 + dLy;
[alpha,Dh,Dz] = angle(11,P11,123,P123,L); !
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= —alpha;
= —theta;
Dh*sin(-t);

=X
]

= Dh*cos(-t);

end

R = AxisAngle{(t,a);
Z = L-Dz;

newA = [R(1,1) R(1,2) R(1,3) X;R(2,1) R(2,2) R(2,3) Y;R(3,1)

R(3,3) Z;0 0 0 11;

Code 16: Inclination Angle Computation

function [alpha,Dh,Dz] = angle(lL2,D2,L1,D1,L)

alpha = -atan((-L1"2+2*L1*L2-

L272+4*D1"2+8*D1*D2+4*D2"2)"(1/2)/ (D1+D2) ~2* (L1-L2) /(-2*D272-2*D1"2~

4*D1*D2+L172-2*L1*L2+L272) * (D1"2+2*D1*D2+D2"2) ) ;

if L2~=L1

gamma acos ((D2+D1) / (L2-L1)* {cos(alpha)-1));
else
gamma = pi/2;

end

Dh

I

Ll*cos (gamma) + D1*(cos(alpha)-1);

Dz = L - Ll*sin(gamma) + Dl*sin(alpha);
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APPENDIX H — INVERSE KINEMATICS ALGORITHM

The inverse kinematics algorithm is simply composed of a sort and search program,
which arranges the 4096 manipulator configurations in ascending z-axis order and stores
the values in Zdisplacement. The Program outputs the closest point(s) along with the
respective state of each unit-module. The Matlab controller then uses this information to

send to the SMA drivers.

Code 17: Inverse Kinematics Main

function [OutputType,error] = InverseKinematics

load Zdisplacement;

k = menu(’'Select a Displacement Type','Point’, "Line');
if k==
Dpoint = input('Select a point [-50<X<50 ~-50<¥«50 -~-30<Z<1i2 = Y)Y,
simulationtime = input('Select )
[Mpoints,errormin]=SimpleSearch(Zdisplacement, Dpoint);
error = errormin;
for i=l:simulationtime
OutputType(i,1:5) = [i-1 Zdisplacement (Mpoints(l),4)
Zdisplacement (Mpoints(l),5) Zdisplacement (Mpoints(l), 6)
Zdisplacement (Mpoints(1l),7)1;
end
OutputType{i+1,1:5) = [1 1 1 1 1};
end
if k==
StartP = input('Select a start point [~-50<X<«<50 -50<Y<h0 -30«2<120]
= 1)
EndP = input('Select an end point [-50<X<E0 ~50<Y<50 -30«<Z<120] =
T):
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Npoints = input ('Select the number of points on the line (min 2} =

simulationstep = input('Select the actuator switch time pericd =

A = [(EndP(1l)~StartP(l)) (EndP{(2)-StartP(2)) (EndP(3)-StartP(3))];

30=1;
for i=1:Npoints
Dpoint (i, 1:3)= A*(i-1)/(Npoints-1)}+StartP;
[Mpoints, errormin]=SimpleSearch (Zdisplacement, Dpoint (i, 1:3)};

error (i)=errormin;

for 3=j0: (simulationstep+3j0-1)

OutputType(j,1:5) = [j-1 Zdisplacement (Mpoints(1l),4)
Zdisplacement (Mpoints{1l),5) Zdisplacement (Mpoints(l),6)
Zdisplacement (Mpoints{(1l),7)1;

end
J0=j+1;
end
OutputType(jO0,1:5) = [j0-1 1 1 1 1];
end

Code 18: Search Algorithm

function [points,errormin] = SimpleSearch(Z,D)
Zdisplacement = sortrows(displacement, [3 2 1]);
mincounter = 1;
samecounter = 0;
X=[1:
errormin = sqgrt((Z2(1,1)-D(1))"2+(Z2(1,2)-D(2))"2+(Z(1,3)-D{(3))"2);
for 1=2:4096

error = sqrt((Z(i,1)-D(1))"2+(Z(i,2)-D(2))"2+(Z(1i,3)-D(3))"2};

if error==errormin

samecounter = samecounter + 1;

149



X (samecounter,1:2)=[1i mincounter];
end
if error<errormin

errormin = error;

mincounter = i;
end

end

j=1;
peints(j)=mincounter;
if isempty(X)~=1
while X (samecounter, 2)== mincounter
J=j+1;
points(j)=X(samecounter, 1) ;
samecounter = samecounter-1;
end

end
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APPENDIX | — ACTUATOR CONTROLLER BLOCK DIAGRAMS

The type to actuator sub-model uses the manipulator configuration information to

determine the state of each actuator (or or off).

Actuator 1

————— Type Actuator 2
Actuator 3

Base Unit

Actuator 4

Type Actuator 5

Actuator &
Uit 2

-1 /

oo Actuaty 7 (1)
5 ¥ ActuAators
STEam Type Actuator B

Aztuator 9
Unit 3

Actuator 10
L Tupe Actuator 11

Actuator 1 2
End Unit

Figure A-13: Manipulator configuration to actuator converter

The actuator to matrix sub-model piggybacks the actuator states onto phase-delayed
pulses to be sent to the Q8 analog outputs.
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Figure A-14: Actuator to matrix converter
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APPENDIX J — ACTUATOR HEAT TRANSFER COEFFICIENT
APPROXIMATION

The convective heat transfer coefficient for the proposed actuator is estimated based on
the vertical flat plate model cited in reference [19]. The average heat transfer coefficient
is based on several dimensionless groups, namely the Prandtl, Grashof and Nusselt
numbers. The Prandtl number Pr is the ratio between the kinematic viscosity v and the

thermal diffusivity o of air at the ambient temperature of 27°C.

_ 15.69¢ m’/s
0.2216e™" m* /s

Pr=v/a =0.708 (A-28)
The Grashof number Gry is dependant on the length of the vertical plate. This length is
assumed to be equal to the total length of all the circular sections in the actuator since
these sections have a considerably larger resistance than the flat section therefore they
will generate and dissipate the majority of the heat produced. Based on the CAD model
of the actuator, the total length of all the circular sections is equal to 14.3mm. The

Grashof number is given by:

Gr = gﬂ(Tacmm; ~T,)0 _(9.81m/s?f3.03¢ K (360K ~300K)0.0143m)* _ 5 1105

v (15.69¢ m/s* )
(A-29)

Where g is the gravitational acceleration and £ is the volume coefficient of expansion at

the ambient temperature and is given by:

T o + 1)
=1 T. = (_ﬂmm’_ﬁ_ © (A-30
Jit ﬁﬁlm ) film 5 _ (A-30)

The dimensionless number for the heat transfer coefficient is given by the Nusselt

number Nu,.
1 .
Nu,_, =0.508Pr/2(0.952+ Pr)/* Gr/A = 54.7 (A-31)
The heat transfer coefficient at x = L is related to the Nusselt number and the thermal

conductivity & of the ambient air through the following relation:
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h, =Nu_|%]=547 0.02624W/mC ) _, 06 51 /m*C (A-32)
| L 0.0143m

And the average heat transfer coefficient is given by:

h=1333h,_, =134W/m*C (A-33)
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APPENDIX K — ACTUATOR RESISTANCE COMPUTATION

The total resistance is a combination of the resistance of the circular and flat sections

of the actuator. The resistance of the circular section R, is given by:

L 5 0.0143m
R =Re — |=100e™°Qm| ———— |=0.0346Q A-34
¢ SMA(A] (4.13e’7m2 j A-34)
Where Regma is the resistivity of the SMA material given by the manufacturer, L is the

total length of the circular sections and 4 is the cross-section of the actuator.

The resistance of the flat section Ry is a combination of the resistance of the SMA
material and the film material. The film material is made of aluminum and is present on

one side of the flat section only.

1 1 1 1 1
= + = + (A-35)

R. R R L L
f MA film f f
5 Reg,, [71 ] Re , [—A J

The total length of the flat section is equal to 38.9mm and the resistivity of aluminum
is equal to 2.65¢*Qm. The resistance of the flat sections is computed as 0.0104Q. The
total resistance is the combination of the flat and circular resistances and is equal to

0.0450€2.
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APPENDIX L — DISCONTINUOUS HEATING CURRENT

The derivation of the discontinuous heating current is based on the work done by R.
Mukherjee [33]. During the heating cycle, the temperature of the actuator behaves
according to (6-1). The temperature as a function of time is obtained by integrating this

relation.

.2
(T—TOQ)=%1~};+C1 exp(-At/z), A hdz

, 0<1<r (A-36)
mc,
By applying the two boundary conditions: 7= T, at t =0 and T = T; at t = 1 the

constant of integration C; can be defined.

C = (T, - T J1-exp(- A)]

(A-37)
.2

(1, ~1.) = (0, ~ . Jexpl- A)+ == 1 - ex(- A)]

During the cooling cycle, the temperature of the actuator is governed by the following

equation:

me, (i—f) =—hA(T -T,) (A-38)

The temperature as a function of time during the Cooling cycle is again obtained

through integration. Integrating (A-38) gives:

(T-T,)=C,exp(-At/z), 0<t<(n-1) (A-39)

The boundary conditions at this stage are: 7= T;at¢t=0,and 7= T, at t = (n-1)t. The

constant of integration C; is then defined as:

C, = (1, -1, Y —exp[- A(n - 1)}’
(A-40)
(7, - T..)= (7, - ., Jexp[~ A(n —1)]

Substituting (A-40) into (A-37) results in (6-3) found in section 6.1.2.
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APPENDIX M — ELECTRICAL WIRE RESISTANCE
APPROXIMATION

The conduit wire within the manipulator is coiled around the actuator structure such
the wire is located between the actuators and the outer shell. This arrangement facilitates
the construction of the prototype and limits the influence of the wire on the mechanical
properties of the manipulator. The approximate size of the loops is shown in the figure
below.

UInit Module

L—L=3cm—>|

Figure A-15: Lead and ground wire arrangement

In one unit module, a conduit wire will do six loops. With the configuration above, the
approximate length of one wire through one unit module is equal to 38cm. To limit the

amount of wiring, the positive and ground terminals are arranged as follows.

Module I (baze) IloduleIl IModule ITI Module IV

s ] by ] b o
:ogE eE gk ¥
&5 & t &

Figure A-16: Ground and VCC arrangement

During the construction of the prototype it is assumed that an extra centimeter of
wiring will be required to complete the connections at the terminals (one at ground and
one at VCC) and an extra five centimeters from the base to the exterior of the
manipulator. To reduce the stiffness of the manipulator, the conduit wire with the
smallest diameter is chosen based on the maximum fusing current. A copper magnet wire
with a gauge of 28AWG and a resistivity of 2.73¢>Q/cm could sustain the 14Amp pulse
current and has an equivalent resistance per unit length to the flat sections of the actuator.
The following table lists the lengths of wiring required for each section and the total

resistance of the conduit wire for each set of three actuators.

157



Module | VCC | VCC wire | Ground | Ground wire Extra Total wire Resistance
length [cm] length [cm} wiring [cm] | length [cm] [Q]
1 1 38 0 0 7 45 0.12
II 2 76 1 38 7 121 0.33
11 3 114 2. 76 7 197 0.54
v 3 114 4 152 7 273 0.75

Table A-1: Total resistance of each unit module
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APPENDIX N — L298 VOLTAGE DROP APPROXIMATION

The L298 dual full bridge driver exhibits a saturation voltage across its input output
terminals. This saturation voltage lowers the projected output current and needs to be
taken into account to properly select the current limiting resistor. Figure A-17 shows the

current output of one channel for different driver configuration using a source voltage of
Vs=12.15V.

35
Single Channel
3r Dual Channel 7

Guad Channel Dual Chip

— Quad Channel Single Chip

£ |

©

£

e

Q.

E

<

= -

=2

=3

(@]

12

Resistance [Ohm]

Figure A-17: Output current of one channel for different driver configurations

From this figure the voltage drop can be determined from the following equation:
I/s - I/.mt =Rx iout ) (A-41)

For simplicity, the single chip quad channel configuration is used in the prototype
construction. For a total output current of approximately 14Amps, the current output per
channel is under 1.2Amps. Using (A-42) and the results above the saturation voltage is
approximately equal to 4.25Volts. The unusually high saturation voltage is due to the low

source voltage and high operating currents.
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APPENDIX O — CURRENT LIMITER RESISTANCE

The block diagram for one actuator circuit is shown below. The current limiter

resistors are located at the ground drivers since each unit module has a different wire

resistance.
Current ‘Acfua.tnr 1 VWhire Resistance Current
. From2——
Tod4 V= 12V From 3
H = 7 H b Current Lirpiter
e To 10 |

Figure A-18: Complete circuit block diagram for one actuator

Using the resistance values for the actuator and the conduit wire as well as the
saturation voltage on both 1.298 bridge drivers, the required resistance of the current
limiter can be obtained from the following equation:

v,-2v,, =(R

sat

+R_. +R 3 (A-42)

actuator wire lim itor ) out

The source voltage is equal to 12.15Volts, the saturation voltage is equal to 4.25Volts,
the actuator resistance is given a 0.045Q and the expected output current per channel is
1.2Amps. The estimated conduit wire resistances computed in Appendix M. The current

limiter resistance is calculated for each unit module and the results are given in Table

A-2.

Table A-2: Current limiter theoretical resistance

Module Calculated
“current limiter
resistance [Q2]
1 2.88
I 2.67
111 2.46
v 2.25
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As a comparison, the experimental current output of the complete circuit of Figure
A-18 using four channels (one L298 chip) per VCC and per ground driver is given for

different resistance values (the actual total resistance is equal to 2.96).

Table A-3: Experimental output current of parallel drivers

Experimental | Current limiter Load resistance Experimental output Current per
test module resistance (wires and actuator) current channel
(€2 Q] [Amp] [Amp]
v 2.3 1.2 4.83-4.90 ~1.22
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APPENDIX P — ACTUATOR TENSILE TEST RESULTS

P.1 R=0.36mm, =3mm, L,=13.2mm, W=5.9mm, Heat-treated at 600°C

:6 | — Test1
0.4 — Test2
0.2 4 el (=1 ¢
0 ' i ' ' ' =

03 196 389 582 775 96.8 116. 135.
Extension [%]

Figure A-19: Martensite response

3
25 - ——— Test 1
Z 2 4 —— Test 2
g 15 - — Test 3
[
w1
0.5 4 /
0 : } . . :
0.0 19.3 38.6 57.9 771 96.4
Extension [%]
Figure A-20: Austenite response
1.8
1.6 -
1.4 -
Z 1.2 4
3 11
© 08 -
£ 06 - ,
0.4 - Austenite
0.2 — Martensite
0 : T . . T
0.0 19.2 38.5 57.8 771 96.5
Extension [%)]

Figure A-21: Average data [R = 0.36mm, ], = 3mm, W = 5.9mm, 600°C}
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P.2 R=0.36mm, |=3mm, L,=12mm, W=5.9mm, Heat-treated at 500°C

0.8
0.7 - - Test 1
8'6 i ——Test2
Z 05 - -
= A | ——Test3
g 04 ' Test 4
= o : Y -3
S 03 I .
02 | —Test5
0.1 4 — Test6
0 T . ‘ . T T T
0.0 211 423 63.6 84.7 105.8127.0 148.1
Extension [%]
Figure A-22: Martensite response
2.5
2
Z 451 —— Test 1
9 - Test 2
e 1 4
e —— Test 3
0.5
0 T T .
0.0 17.0 34.0 50.7 67.8
Extension [%]
Figure A-23: Austenite response
25
2
— = Martensite
£ 1.5 1 Austenite
(3
2
s 1
0.5 - , —
0.0 211 423 636 847 1058 127.00 148.1
Extension [%]

Figure A-24: Average data [R = 0.36mm, }; = 3mm, W = 5.9mm, 500°C]
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P.3 R=0.36mm, |=3mm, L,=12mm, W=7.0mm, Heat-treated at 500°C

Extension [%]

1
0.8 -
Z 06
)]
e
S 0.4 -
0.2
0 , . : ; . .
0.0 21.2 42.4 63.6 84.8 106. 127.
Extension [%]
Figure A-25; Martensite response
4
3.5 4
— Test1
3 Test2
— Tes
5 25 -
= e TEST 3
8 2
S 15
14
0.5 |
0 ‘ T . T
0.0 17.0 341 50.8 67.8
Extension [%]
Figure A-26: Austenite response
4
= Martensite
3 Austenite
3
22
=]
|1
1 E
el
0 - : r y r 1 T
0.0 19.1 38.3 57.3 76.5 95.7 114.4

Figure A-27: Average data [R = 0.36mm, |; = 3mm, W = 7.0mm, 500°C]
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P.4 R=0.36mm, ||=3mm, L,=12mm, W=7.0mm, Heat-treated at 500°C, Bare

0.8
——Test 1
0.6 - e TSt 2 /«f
3 - Test 3 } @
® 04 e TSE 4
5
[T
0.2
0

00 187 377 569 76.1 951 114, 133. 152,
Extension [%]

Figure A-28: Martensite response

5
4 4
Z 3.
(-]
e
£ 2
1 4
0 B . . | . . , r . -
00 12 25 38 51 63 76 89 102 114
Extension [%]
Figure A-29: Austenite response
5
4 B
Z 3]
§ — Martensite
£ 2 Austenite
1 E
0.0 200 39.8 60.0 80.2 100.3 1205 1407
Extension [%]

Figure A-30: Average data [R = 0.36mm, |, = 3mm, W = 7.0mm, 500°C, Bare]
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P.5 R=0.46mm, |;=3mm, L,=16.8mm, W=5.9mm, Heat-treated at 600°C

1.4
1.2 1
1
£ 058 -
-]
e
s 0.6
L —Test 1
0.4 1 e TS 2
0.2 — Test 3
0 T r : r ‘
0.0 151 30.2 45.3 60.4 75.6
Extension [%]

Figure A-31: Martensite response

2.5
2 | ——Test 1
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Z 15 o Test 3
@
2
u? 1
0.5
0 - . . , .
0.0 121 24.0 36.1 48.2
Extension [%)]
Figure A-32: Austenite response
2
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1.6 4
—_ 1.4 4
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3 1
S 0.8 1
0.6 1 e Vi artensite
0.4 - —— Austenit
0.2 . ustenite
0 ; " T T :
0.0 151 30.2 453 60.4 75.6
Extension [%]

Figure A-33: Average data [R = 0.46mm, |, = 3mm, W = 5.9mm, 600°C]

166



P.6 R=0.46mm, =3mm, L,=13.5mm, W=5.9mm, Heat-treated at 500°C

0.9
0.8 -
0.7 -
0.6 - — Test 1
0.5 4 — Test 2
0.4 o TSt 3

0.3 1 e | @St 4
0.2 -

0.1 4 4
0 T ‘ T r T
0.0 18.7 37.6 56.5 75.3 0942

Extension [%]

Force [N]

Figure A-34: Martensite response

—— Test 1
— Test 2
e TRST 3

Force [N]

0 T T r r
0.0 14.8 29.9 45.0 60.1

Extension [%]

Figure A-35: Austenite response

Martensite
Austenite

Force [N]

0 ‘ ‘ T T
0.0 18.7 37.6 56.5 753 94.2

Extension [%]

Figure A-36: Average data [R = 0.46mm, ]; = 3mm, W = 5.9mm, 500°C]
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Figure A-37: Martensite response Test #2
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Figure A-38: Average Martensite response Test #2
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P.7 R=0.46mm, |=3mm, L,=24mm, W = 5.9mm, Heat-treated at 400°C

0.8

0.6 -
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e | @S 2
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Figure A-39: Martensite response
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Figure A-40: Austenite response
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Figure A-41: Average data [R = 0.46mm, }; = 3mm, W = 5.9mm, 400°C].

169



P.8 R=0.46mm, I=4mm, L,=14mm, W=5.9mm, Heat-treated at 600°C

——Test 1
e T8t 2
e TSt 2

cooo -
o N 00O -

Force [N]

coocoo0o
= N W b O
-

o

T 1 T T T
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Figure A-42: Martensite response

Force [N]
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Figure A-43: Austenite response

Force [N]
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—— Austenite

T T T T T
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Figure A-44; Average data [R = 0.46mm, |; = 4mm, W = 5.9mm, 600°C]
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P.9 R=0.72 mm, =3mm, L,=17mm, W=5.9mm, Heat-treated at 600°C

1.6

1.4 -
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o
e
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15.0 30.0 45.0 60.0
Extension [%]
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Figure A-45: Martensite response
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Figure A-46: Austenite response
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Figure A-47: Average data [R = 0.72 mm, |, = 3mm, W = 5.9mm, 600°C]

i
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P.10 R=0.72 mm, |=3mm, L,=16.5mm, W=5.9mm, Heat-treated at 500°C

Extension [%]

—Test 1
Z e Test 2
2"_,’ Test 3
o e T8t 4
- Test 5
0 ¥ " ‘ - : .
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Figure A-48: Martensite response
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Figure A-49: Austenite response
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Figure A-50: Average data [R = 0.72 mm, ], = 3mm, W = 5.9mm, 500°C]
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APPENDIX Q — SMA MATERIAL TENSILE TEST RESULTS

400
—Test 1

300 — Test 2 //
[
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Figure A-51: SMA strip martensite response
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Figure A-52: SMA strip austenite response
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