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Abstract

Shape memory alloys (SMAs) have been proposed as a lightweight actuator for
robotic applications. Their low mass makes them an excellent candidate for aerial
manipulation, where reducing the mass of a manipulator can increase usable payload
and save energy. Existing SMA-actuated robotic arms are restricted in their size,
strength, and degrees of freedom (DOFs). This thesis develops two 3-DOF, SMA-
actuated robotic arms suitable for aerial manipulation.

The developed arms are significantly more capable than existing SMA-actuated
arms and can manipulate masses of up to 300 g. A novel compliant joint design is
introduced that allows for simultaneous control of antagonistic SMA actuators. The
joint provides direct measurements of the torque applied by each actuator, allowing for
the development of a multi-level impedance controller. Finally, an extended Kalman

filter formulation is introduced and integrated into the multi-DOF robotic arm.
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Chapter 1
Introduction

Shape memory alloys are a class of materials that are capable of deforming and
returning to their original size and shape through a reversible phase transformation.
If formed into a wire and stretched, the wire transforms from an austenite phase to a
martensite phase, which is reversed when heated above a critical temperature. This
transformation exerts significant force as the wire contracts, making SMA actuators
significantly stronger by mass when compared to motor or pneumatic actuators [1].

The high strength and low mass of SMA actuators makes them particularly use-
ful in aerial manipulation applications, where reducing the mass of a manipulator
increases the available payload capacity. Multi-degree-of-freedom aerial manipulators
often require large drone platforms due to the large mass of their manipulator, pro-
viding a lower bound on drone size [2]. Several papers have worked to reduce the
weight of robotic arms using techniques such as topology optimization |3, 4], but the
mass of servo or motor actuators cannot easily be reduced and can comprise over half
of an arm’s mass [5]. An SMA-actuated robotic arm designed for aerial manipulation
tasks could replace heavier motor-driven arms, dramatically decreasing power usage
and required drone size.

Despite their potential, existing SMA-actuated robotic arms are unsuitable for
aerial manipulation due to their limited strength, range, and degrees of freedom
(DOFs). To date, only two SMA-actuated robotic arms with 2-DOFs have been
developed, both of which rely on a bias force to restore the actuator to its original
position [6, 7|. Due to the lack of a multi-DOF arm, current SMA-actuated robotic
arms are unable to complete tasks common for motor-operated robots, as none have
the required degrees of freedom for position and orientation control of an end-effector.
This restricts the field of SMA-actuated robotics from performing common aerial

manipulation tasks, such as object grasping and manipulation, path following, and
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obstacle avoidance. A 3-DOF arm would enable experimental validation of controllers
and path planning algorithms that address the unique behaviour of SMA actuators
during these tasks. Current SMA-actuated robotic arms are also unsuitable for aerial
manipulation tasks due to their low strength, as existing designs are only able to
manipulate masses of less than 75 g [7|. This payload capacity is lower than the mass
of even lightweight active end-effectors in the literature [8, 9].

The strength and range of SMA-actuated robotic arms cannot easily be increased
due to several design challenges specific to SMA wires. First, existing designs cannot
easily increase the strength of SMA actuators without risking structural failure, as no
analysis has been performed on the load application of SMA actuators. Second, size
restrictions of multi-wire SMA actuators must be addressed. Existing SMA bundle
actuator designs [10] cannot be spooled over rollers, making them unacceptably long
for multi-DOF robotics applications.

Many control challenges regarding SMA-actuated robotic arms currently remain
unsolved. Impedance control, a particularly important type of control for aerial ma-
nipulation, remains very limited despite its prevalence in motor-actuated robotics.
Existing works either use load cells to directly measure SMA wire force and do not
validate the controller under load [11], or are limited entirely to simulation [12]|. Other
SMA actuators have implemented load cells to measure torque [13, 14, 15|, but do
not use this for torque or impedance control.

To address the need for a lightweight, high payload SMA-actuated arm, two
3-DOF, SMA-actuated robotic arms are developed. The first arm is an improve-
ment in scale, payload, and range over existing SMA-actuated arms. By developing
an arm with three degrees of freedom, simultaneous control of the end-effector posi-
tion and orientation is achieved. This control is essential for aerial manipulation tasks
and has not been achieved with SMA actuators. Then, the payload capacity of the
arm is increased using many parallel wires spooled over rollers, making this the first
SMA-actuated arm capable of manipulating common drone payloads. The increased
complexity associated with these improvements required a detailed design analysis
in this thesis. The second arm iterates on the first design by increasing its range
of motion and introducing a compliant SMA-actuated joint. Integrating compliant
joints into the arm enables direct torque control of the joints, a capability critical to
completing delicate aerial manipulation tasks.

The literature gaps regarding SMA control are also addressed in this thesis. A
joint space impedance controller is integrated with a novel compliant actuator de-

sign that decouples the angle of each actuator from the load, allowing for a novel
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bidirectional position control that improves on existing antagonistic actuator con-
trollers. Finally, this work investigates the application of an extended Kalman filter
(EKF) in an experimental robotic system. Existing SMA state estimation techniques
are limited to simulations [16, 17|, standalone actuators with no external dynam-
ics [18], or parameter estimation instead of control [19] (with more details on existing
techniques provided in Chapter 2). The process to integrate multiple SMA actuator
estimators into a control system is addressed and applied in the impedance controller
experiments.

This chapter outlines the motivation behind SMA-actuated robotic arm research
as well as the specific motivations for the design and control works completed in this
thesis. Several research objectives are outlined and the contributions each objective
achieves are described. Finally, the list of publications achieved in this work and an

overview of the thesis structure are included.

1.1 Motivation and Scope

The applications of aerial manipulators to solving real world problems has grown
dramatically in the past decade. Drone systems are now used in agricultural moni-
toring [20], transmission line inspection [21], and construction surveying [22]. Recent
works have focused on expanding aerial manipulator technology from passive obser-
vation to active manipulation of their environment. These aerial manipulators have
been used to complete construction tasks such as sealing cracks in pipes [23|, opening
and closing valves [24], and installing sensors. However, this increase in task complex-
ity requires increasingly complex and heavy manipulators. Most drone platforms have
a payload capacity of only a few hundred grams [2], making the design of lightweight
manipulators an essential task in progressing aerial manipulator technology.

The use of SMA actuators as an alternative to motors or pneumatic actuators in
such a weight-critical application is attractive due to their extremely low mass and
high strength [1]. However, significant advancements in size, complexity, and control
of SMA-actuated systems are required for future use in practical aerial manipulation
tasks.

Existing research in SMA-actuated arms is limited in two important ways. First,
the range, payload, and degrees of freedom of existing arms are limited. The most
common prototypes are only 1-DOF revolute joints [14, 25], or less commonly, 2-DOF
robotic arms |6, 7]. These robotic arms are capable of only simple movements, and

cannot control the position and orientation of an end-effector, as is required for many
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robotics tasks. Additionally, existing arms have very limited strength and range.
Even stronger arms in the literature exert less than 0.1 Nm of torque [7], which is not
enough for even the most lightweight robotic grippers [8, 9].

Additionally, control of SMA-actuated robotic arms remains difficult and is of-
ten limited to position or velocity control. In particular, force or torque control of
SMA-actuated robotic arms is currently limited to simulations that were not experi-
mentally validated [12, 14|, or to single joints without load [11]. Impedance control,
which relates the wrench applied by a robotic arm to its position, is not well ex-
plored for SMA-actuated robotics. Extending impedance control to experimental
SMA-actuated platforms is essential for cooperation with people and in unstructured
environments. Impedance control of a low torque antagonistic actuator has been com-
pleted by using load cells to directly measure wire force, but was not tested under
load [11]. Additionally, impedance control of a robotic arm, rather than a rotary joint,
has not been completed experimentally. The development of an impedance controller
for an SMA-actuated arm is particularly useful for aerial manipulation by allowing
the arm to behave in a predictable and controlled manner when interacting with its
environment.

This work focuses on the development and control of two SMA-actuated robotic
arms on a fixed test stand. Considerations in the design, such as mass, size, and
operating space, are addressed in regards to future work on an aerial manipulator.
The design of these arms focuses on significantly increasing the payload, range, and
degrees of freedom of existing SMA-actuated robotic arms. The proposed controllers
are evaluated using experimental behaviour of the arm and compared to desired, but

not optimal, results.

1.2 Goal and Objectives

The goal of this thesis is to develop a multi-DOF, SMA-actuated robotic arm and
controller to achieve compliant behaviour. The payload capacity, range, and degrees
of freedom of existing SMA-actuated arms will be increased. Impedance control of
the arm will be achieved by introducing a compliant joint design to allow the arm to
respond predictably to disturbances. Finally, an extended Kalman filter was applied
to reduce measurement noise and provide insight into hidden system states. This goal

was decomposed into the following objectives:

e Objective 1 (0O1): Develop a planar 3-DOF, SMA-actuated robotic arm capa-

ble of manipulating lightweight end-effectors through a range of motion suitable
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for aerial manipulation.

e Objective 2 (02): Design a multi-level impedance controller for an SMA-

actuated robotic arm utilizing a novel compliant joint design.

e Objective 3 (O3): Integrate an extended Kalman filter (EKF) into the SMA-

actuated robotic arm system.

1.3 Statement of Contributions

Each objective outlined above includes several contributions to the literature, which

are outlined as follows:

Objective 1 (O1)

This thesis introduces two 3-DOF robotic arms actuated by SMA wires. Both of these
constitute significant advancements to the design of SMA-actuated robotic arms. The
first develops a bundle actuator spooled over many rollers, creating a compact actu-
ator that provides over 25 times the torque of existing SMA actuators in robotic
arms. The second proposes a new design that integrates SMA wires within the base
of the arm, keeping them stationary throughout their range of motion. These designs
resulted in substantial increases in range and payload, and are the first capable of
simultaneous end-effector position and orientation control. Additionally, they are the

first with payload capacity high enough for practical end-effectors.

Objective 2 (02)

This work is the first experimental validation of impedance control of an SMA-
actuated robotic arm. Existing works have only completed this in simulation [12]
or with no load [11]. The extension from simulation to experimental validation is
achieved by introducing a novel compliant joint design that allows for direct mea-
surement of actuator torque. Furthermore, a novel low-level controller is introduced
that separately controls the position of both the clockwise and counterclockwise wire
groups within an antagonistic actuator. The controller was shown to be substan-
tially more effective in path-following tasks by maintaining both sets of wires in a

pre-heated, mid-transformation state.

Objective 3 (03)

Finally, an extended Kalman filter is implemented into a controller and used for ex-
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perimental testing. Previous SMA-based works have only used an EKF in controllers
for simulated arms, which assume perfect knowledge of the dynamics of the arm and
actuator system [16]. Additionally, the integration of an EKF to an antagonistic SMA
actuator has never been completed. Existing EKF formulations cannot be applied to
antagonistic actuators, so a new formulation is introduced that uses separate estima-
tors for each actuator coupled by the compliant joint and then the arm dynamics to

create a complete system model.

1.4 Refereed Publications

As part of the completion of this thesis, two manuscripts were prepared for journal
publication, corresponding to Chapters 3 and 4. The first journal paper has been
published in the Journal of Intelligent Material Systems and Structures and the sec-

ond is currently under review.

[1] A. Cormier, M.C.F. Bazzocchi, M. Martinez, “A shape memory alloy actuated
robotic arm for aerial manipulation,” Journal of Intelligent Material Systems and
Structures, Vol. 36, Iss. 20, pp. 1325-1341, 2025.

[2] A. Cormier, M.C.F. Bazzocchi, “Multi-Level Impedance Control of a Shape Mem-
ory Alloy Actuated Robotic Arm,” under review, 2025.

1.5 Thesis Overview

This section provides a brief overview of the chapter contents and purposes in this

thesis:

Chapter 2: Literature Review

A review of the existing literature is conducted to identify gaps in SMA actuation
technology. The literature review first covers the mechanics of SMA transformation
and models, then explores how they are used in actuators. Additional focus is placed
on SMA-actuated robotic arms and the control methods applied to them, with a final

review on state estimation techniques.
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Chapter 3: A Shape Memory Alloy Actuated Robotic Arm for Aerial Ma-
nipulation

This chapter describes the design and optimization process of a 3-DOF, SMA-actuated
robotic arm. Topology optimization is applied to the arm links, resulting in a
lightweight robotic arm suitable for aerial manipulation tasks. Then, an adaptive
PI controller is applied to the arm in experimental path-following tasks. The work in

this chapter was published in publication 1 [26].

Chapter 4: Multi-Level Impedance Control of an SMA-Actuated Robotic
Arm

This chapter focuses on impedance control of an SMA-actuated robotic arm. It in-
troduces a new robotic arm and compliant joint design, then evaluates a proposed
multi-level controller. Each level of the controller is evaluated in experimental tests
and a joint space impedance controller reached the desired joint torques as expected.
Finally, the integration of an extended Kalman filter (EKF) with the arm’s simulation
model is completed and discussed. The work in this chapter has been prepared as a

manuscript and is currently under review [27].

Chapter 5: Conclusion

The conclusion summarizes the work completed in this thesis and highlights the key
contributions it makes to the literature and the world at large. The applicability of
the developed arms and associated control methods to inspection and construction
tasks are discussed. Finally, several opportunities for future works building on this

research are identified.



Chapter 2

Literature Review

2.1 Shape Memory Alloys

Shape memory alloys (SMA) are a class of metal alloys that exhibit the shape memory
effect. This effect allows the metal to “remember” a shape imposed on it during
heat treatment, such as a coiled spring shape [28]. When below a transformation
temperature, the metal easily stretches or bends, then returns to its original shape
when heated beyond its transformation temperature. As a result, SMAs alternate
between two states—the high-temperature austenite phase and the low-temperature
martensite phase. They are generally formed into wires, springs, or ribbons [29] and
can be integrated into various structures to take advantage of this effect.

The transformation of an SMA wire between the martensite and austenite phases is
most commonly described by a well-established constitutive model introduced by [30].
This one-dimensional model describes the relationship between the phase, strain,
stress, and temperature of an SMA wire. This model and others similar to it [31,
32| define a kinetic law describing the phase change of a wire and a mechanical law

describing the wire’s stress-strain relationship [33].

2.2 SMA Actuators

SMA actuators are appealing as an alternative to traditional actuators due to their ex-
tremely high strength-weight ratio. When contracting, very high forces can be applied
even with lightweight actuators. SMA actuators have a work density of 10 J/cm?,
25 times higher than electric motors and over 50 times that of pneumatic actuators [1].

SMA wires have the highest strength-weight ratio of any actuator under 1 Ib and have
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been used in a high-strength actuator capable of lifting 100 1b, which is over 300 times
the actuator’s weight [10]. This makes them ideal for applications where weight is an
important factor.

SMA-actuated structures can be categorized into rigid, semi-rigid, and soft struc-
tures [34]|. Rigid structures use traditional joints and bearings to allow movement
between two links such as in |7, 17, 25|. Rigid structures can be further divided into
externally mounted and embedded elements, and the paper describes the trade-offs
associated with each design. Semi-rigid and soft structures embed SMA actuators
into flexible materials or matrices to allow for a continuously bending joint [19, 35,
36]. SMA actuators generally take the form of either wires or springs, although some
work in sheet-like coatings have occurred. Wires generally supply greater applied
forces but shorter stroke length, while springs supply lower applied forces but have
stroke lengths up to ten times longer than wires [29, 34].

SMA actuators are typically powered by controlling their supplied current, heating
the wire through joule heating. Wire overheating due to the high required currents
must be considered to prevent damage to the wire and other components [29]. To
prevent this, either a maximum current limit is set or more advanced control methods
are used to briefly supply higher than rated current [37|. This method improved
heating times of Flexinol wires, a commercially available prefabricated SMA wire,
by measuring the change in resistance of the element as it heats. Flexinol wire data
sheets include a maximum safe heating current [29], but higher maximum currents
were safely achieved using measurements of the wire’s resistance and the developed
temperature model. This technique doubled the heating rate of wires compared to
using the data sheet maximum current with no change to cooling rate, resulting in
a maximum actuator rotational velocity of approximately 100° /s over a 60° range of
motion.

SMA actuators have two major drawbacks. The first drawback is the actuator’s re-
liance on temperature to exert force. Wires can be quickly heated, but cooling, which
usually relies on convection with ambient air, is usually slower than heating [29]. This
results in a system that heats much faster than it cools, leading to a large imbalance
between contraction and extension speed. Some works have experimented with water-
based cooling [38, 39|, but their increased mass removes their mass advantage over
other actuators.

The second drawback to using SMA actuators is their complex, non-linear re-
sponse. As the actuator undergoes a phase change, mechanical properties such as the

shear modulus and resistance change [40, 41, 42]. While under external loading, wire
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temperature increases, further complicating the actuator modeling [43]. These draw-
backs mean that SMA actuators generally require feedback controllers to be applied

effectively.

2.3 SMA Actuator Control

The control of SMA actuators is a complex task due to their transformation hystere-
sis, difficulty in heat transfer modeling, and nonlinear behaviour. A wide range of
control methods, including sliding mode control, [25, 35|, PID [10, 25, 35|, adaptive
control [25, 44|, backstepping control [14], and model predictive control [45, 46, 47]
have been applied to SMA actuators.

PID control is the most common controller applied to SMA actuators and does not
require a model of the system. This is particularly beneficial for SMA actuators, which
have states that either cannot be measured outside of a laboratory or are difficult to
measure (temperature, resistance, martensite fraction, etc). PID controllers avoid
this issue because any state that can be measured (such as joint angle) can be chosen
instead of internal states. These controllers have been applied to robotic arms |7, 25,
44], linear actuators [10], and soft robotic arms [35].

A PID controller has also been applied to design a large, high-strength SMA
actuator [10]. The controller was capable of linear and angular positioning within an
error of + 0.004 in and 1°, respectively. The actuator performed with minimal error
under significant mechanical loading that corrected in less than one second.

Sliding mode control is also applied to several SMA actuators. This mode of
control requires a model of SMA wire transformation, but is robust to modeling
errors. It is used in [44] to design and simulate a lightweight, 1-DOF robotic arm
based on a nonlinear dynamic model. The model integrates SMA heat transfer, phase
transformation, and constitutive models with robotic arm kinematic and dynamic
models. The design of the arm weighs only 48 g and is modeled to be able to lift
500 g with a 15 cm long arm. Another paper uses an adaptive sliding mode control
to control the position of a needle tip in a medical device and found that the adaptive
sliding mode controller performed better than PID control [48|.

Model predictive control simulates future behaviour to determine the optimal
control inputs for the controlled system based on a provided objective function. Model
predictive control has been applied to control the position of an SMA actuator in
simulation, which found that it resulted in lower steady-state errors than variable

structure control [46]. A similar controller was validated experimentally and compared
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to a PID controller, which it outperformed [45]. The transformation of SMA wires
is approximated using an artificial neural network in [47|, which is then applied to
position control of a spring bias actuator.

Backstepping control algorithms begin with a desired behaviour, such as accel-
eration, and then calculates the required inputs using a series of subsystem models.
This model-based algorithm has been applied to a simulated SMA actuator to deter-
mine the required voltage across the actuator based on a desired applied force [14].
It compares two approaches for the algorithm, then applies it to a 1-DOF robotic
arm, which was modeled in MATLAB/Simulink for verification. However, the lack of
experimental verification does not verify the system’s robustness to modeling errors.
This method requires significant advances to be used experimentally, as simulations
of this method were not found to be robust to errors in the estimation of the heat
transfer coefficients.

Multi-level controllers apply impedance control to allow for compliant behaviour.
Impedance controllers simulate a spring-mass damper at each joint with a desired
stiffness, then determine the torque required for the robotic system to match the
simulated system. This is difficult to apply to SMA wires due to the complex non-
linear model that describes their behaviour and the difficulty in measuring the stress
of the wire. Impedance controllers require a low-level force or torque controller to
drive the actuator to the torque required by the impedance controller. This type of
low-level force control has been achieved using load cells for feedback position control
of an SMA actuator [13, 15]. A similar low-level controller was used in an impedance
controller for an SMA spring-actuated rotary joint that directly measured the SMA
wire force using load cells [11]. It was able to drive a joint to a desired angle, but no
measurements of torque to validate the impedance controller were provided and ex-
periments were not conducted under load. For an impedance controller to be extended
from a single actuator to a robotic arm under load, a more thorough investigation of
controller performance must be conducted. Impedance control has also been applied
in simulation for a 1-DOF, spring bias joint designed for an exoskeleton [12]. It ap-
plied a “bang-bang” low-level controller and investigated three simulation case studies
with varying impedance. This project does not employ feedback control and instead
predicts wire stress using a common SMA model. Due to a lack of experimental

validation, it is unknown how large prediction errors would be using this technique.
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2.4 SMA-Actuated Robotic Arms

Research in designing manipulators with SMA actuators has created prototypes with
a wide range of complexity and application. The simplest prototypes are simple
grabber-style manipulators, which are not capable of moving on their own but can
interact with the environment [36, 49, 50]. The prototype developed in [36] places
SMA wires within silicone tubes embedded within a polymer to create a flexible, curv-
ing actuator controlled by a quasi-static model. The actuator achieved a maximum
bending angle of 143°. The actuator was then implemented in a triangular and an
antagonistic gripper, which were both tested on various objects. Both grippers were
able to grasp a wide range of objects with different shapes and masses up to 2 kg.
The triangular gripper was installed as the end-effector of a robotic arm and used
to pick up, move, and place a soft drink can. The flexible gripper developed in [49]
spools the wires over a series of rollers to reduce gripper size for use on a snake robot.
The gripper includes force sensors that are used for closed-loop control of clamping
force. A different SMA-actuated gripper was designed to optimize two-way actuation
by pre-treating antagonistically arranging SMA wires [50]. The actuator was heat
treated such that one wire to return to a curved shape and one to a straight shape,
resulting in higher speed actuation when compared with two straight wires.

The low mass of SMA actuators also makes them suitable for prosthetic appli-
cations. A range of prosthetic hands [51, 52|, as well as hands with four [53] and
three [54] fingers have been developed. These designs use tendon-based actuators,
and often include multiple degrees of freedom per finger by installing the full length
of the SMA wire within a wrist or lower arm. However, their extremely small size
prevents the integration of joint position sensors, so these works are generally limited
to open loop control or simple range of motion and strength testing.

Several works have developed SMA-based assistive devices to assist patients with
elbow flexion [55, 56], wrist motion [57]|, and shoulder movements [58]|. These works
focus on the range of motion and strength of the assistive device, but generally do
not apply a position or force-based controller.

The continuous nature of SMA actuators has been used to design fully flexible
robotic arms [35, 39]. These flexible actuators have been applied to a soft robotic
arm driven by three radially located SMA coils within a silicone sleeve. The arm
segments bend continuously and implement hall effect sensors on the arm surface to
determine its curvature, which is used to control the arm position. Each segment

is able to angle itself in two dimensions, allowing for complex curved shapes when
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multiple segments are linked. The arm is controlled by a PID controller, and various
experiments in 1D and 2D bending are conducted. A similar flexible design has
been implemented in a prototype neurosurgical robotic arm that used vision tracking
of arm features for feedback control [39]. This design separates the arm from the
actuators with stiff tendons, allowing the SMA springs to be water-cooled.

Other works design stiff robotic arms, although they are generally small and have
few degrees of freedom. The simplest design is a single, SMA-actuated joint with a
spring bias, as in [17]. This robotic arm has limited function given its single degree of
freedom and one-directional actuation control. More advanced designs include a single
joint with an antagonistic actuator and end-effector [25|. The work also models and
prototypes an SMA-actuated robotic arm and performs a comparison of PID, sliding
mode, and adaptive control methods. The prototype arm was able to achieve angular
errors of less than 0.1° and manipulate a 60 g payload with an arm weight of 100 g.

A notable gap in SMA-actuated robotic arms appears when investigating control
of multiple degrees of freedom. A 2-DOF, spring bias system has been developed to
mimic the planar motion of a human shoulder and elbow [7|. This arm was used for
path-following tests, but its low payload capacity and relatively high path-following
errors limit its capability to complete more complex tasks. Two spring bias SMA
actuators are similarly integrated into a small robotic arm to experimentally validate
a variable structure controller [6]. However, the link lengths of 7 cm significantly limit

the range of the arm, which is used for step response position tests.

2.5 State Estimation for SMIA Systems

State estimation techniques estimate system properties that cannot be easily mea-
sured, such as wire temperature and stress. Wire temperature is particularly difficult
to measure, as the very small size of wires makes attaching thermistors or thermo-
couples very difficult. Additionally, even detailed thermomechanical models of SMA
wires result in large temperature, and therefore stress errors [59]. While the con-
stitutive model of the SMA wire can calculate these values, small measurement or
parameter setting errors can result in large errors in performance due to the actua-
tor’s high nonlinearity. The most common state estimation method is the Kalman
filter [17], which can minimize these errors by measuring a state variable that is more
easily measured and estimating the unmeasured states from the system dynamics and
inputs.

A Kalman filter [17] has been applied to a rotary SMA actuator in simulation,
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then expanded to an extended Kalman filter (EKF) [16]. Both methods measure
the applied voltage and measured angular joint position to estimate the wire’s stress,
which is easily related to the actuator torque. However, the methods used in these
papers have several limitations. First, the EKF was only applied to a simulation of
the joint, making its performance in experimental applications unclear. Secondly,
the model of the SMA actuator was not used for stress estimation. Instead, the
stress of the wire is estimated from the joint dynamics. This means that the SMA
wire is treated as a black box, which does not allow for extension to an antagonistic
configuration. In an antagonistic configuration, the dynamics of the joint would only
provide the difference in stress between the two wires, not the actual wire stress.

Another work estimated the states of a single spring bias actuator in simula-
tion using an augmented extended Kalman filter (AEKF) [60], which included spring
coefficients and a joint friction coefficient as unknown system states. This model,
unlike the two discussed previously, did use the constitutive model of the SMA wire
for stress estimation. However, this work did not demonstrate the system’s efficacy
experimentally.

Similarly, an EKF is applied to a simulation of a silicone coated SMA actuator
in [61]. Unlike other estimators, it defines its state as the wire stress and heat transfer
coefficient and applies it to an adaptive PID position controller. Extended Kalman
filters have also been used for self-sensing applications [62]. This method observes
SMA spring resistance instead of deflection, using the EKF to estimate spring tem-
perature and stress. This method resulted in low estimation errors in simulation for
a linear actuator.

Extended Kalman filters have also been used in works that do not estimate states
specific to SMA wires (such as stress, temperature, and phase). Actuator angular
velocity and acceleration were estimated from angular position measurements in [63].
This method did not use a dynamic model of the SMA wire or the actuator. In-
stead, it estimated angular velocity and acceleration using a forward Euler method
and treated the SMA wire as unmodeled process noise. An unscented Kalman filter
was also used to estimate joint velocity and acceleration in [64], which developed
a motor-actuated assistive device with variable joint stiffness introduced by SMA
springs. Simulated SMA spring stiffness is a variable used for the estimation of joint
velocity, but SMA-specific states were not estimated. Since spring stiffness is not
a function of the system states of motor and joint angular position and velocity,
SMA dynamics do not appear in the state transition function. Similarly, an EKF

combined with feedback linearization has been used for the position estimation of a
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constant-stress SMA wire, [65], which achieved good experimental results. It models
the SMA wire as a spring with stiffness dependent on the wire phase, which was mod-
eled separately from the EKF. The inclusion of the estimator improved experimental
performance, but this method requires constant stress that cannot be achieved in a
robotic arm.

A different method used Time Delay Estimation applied to a sliding mode con-
troller to control the angle of a rotary actuator [66]. This method does not require a
model of the actuator and was able to accurately predict wire stress in simulation. It
is important to note that all SMA state estimation to date has been on single wire,
spring bias actuators, and without perturbations. Additionally, control of an SMA

actuator using the estimated state has only been completed in simulation.

2.6 Non-SMA Robotic State Estimation

Most robotic arms do not use an observer or estimator to determine the torque ap-
plied at a joint, and instead calculate the applied torque via a servo or motor’s current
draw [67]. However, state estimation techniques are well established in robotic arm
control. State estimation has been applied to estimate the external forces and torque
applied to a robotic manipulator [68]. This estimator was validated experimentally
using a robot with a force-torque sensor on its wrist and found that the estimator ac-
curately predicted the applied wrench. A similar work is completed in [69], which also
estimates the stiffness of an unknown material that the end-effector presses against.
Kalman filtering techniques have been applied to a motor actuated arm to estimate
joint torque and contact forces from only joint position measurements [70]. Other
works have used a disturbance observer [71] or sliding perturbation observer [72] for
similar force control of motor-driven arms. State estimation has also been used to es-
timate the force a muscle applies in the human body by measuring electrocardiogram
signals from the muscle and measured arm position and velocity [73|. The preva-
lence of state estimation in motor-driven robotic arms highlights the importance of

developing similar estimators for SMA-actuated systems.

2.7 Summary and Research Gaps

This literature review discussed shape memory alloy actuators, their control methods,
and their use in robotic arms. Several gaps in the literature were identified and are
highlighted here.
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First, the size and degrees of freedom of existing SMA-actuated robotic arms
remains extremely limited. Existing stiff arms have only one [16, 74| or two [6, 7]
SMA-actuated DOFs, limiting the tasks these arms can complete. More specifically, a
two-DOF robotic arm cannot control the position and orientation of an end-effector,
making manipulation tasks impossible. Despite their low weight, their payload capac-
ities cannot currently match that of a motor-actuated robotic arm. For SMA-actuated
arms to be used for practical manipulation experiments, a stronger arm with more
degrees of freedom is required.

Second, impedance control of SMA-actuated robotic arms has not been well ex-
plored. It has been completed in simulation for a spring-bias actuator [12], and for an
antagonistic actuator with no load in [11]. This controller relies on load cell measure-
ments for closed-loop control and discusses position, but not torque tracking results.
Impedance control of multi-DOF robotic arms is important for robotic arms working
in sensitive environments or with people, but work is required to achieve this with
SMA-actuated robotic systems.

Finally, the state estimation of an antagonistic SMA actuator is identified as a
research gap. While an extended Kalman filter has been used to estimate the states
of an SMA wire in simulation [16], an EKF has not been applied to an antagonistic
actuator. Importantly, this extension to antagonistic systems cannot use the same
methodology as previous works [16, 17|, which calculate wire stress from link dynam-
ics. A new formulation must be developed to extend state estimation to antagonistic,
and then multi-DOF, SMA-actuated systems.



Chapter 3

A Shape Memory Alloy Actuated
Robotic Arm

3.1 Introduction

Aerial manipulation vastly broadens the applications of robotic systems by increas-
ing mobility and range of a manipulator. Advanced aerial manipulators are often
a meter or more across, making them unsuitable for applications in small spaces or
near people. The mass of the manipulator, usually a robotic arm, is currently the
limiting factor in the development of small aerial manipulators [2|. Several papers
have worked to reduce the weight of robotic arms using techniques such as topology
optimization [3, 4], but the mass of servo or motor actuators cannot easily be reduced
and can comprise over half of an arm’s mass [5].

Shape memory alloy actuators are a significantly lighter and stronger alternative
to motor actuators, making them an excellent choice for aerial manipulators. SMA
actuators also have advantages over other alternative actuators such as pneumatic
soft actuators or electroactive polymers. Pneumatic actuators are capable of gener-
ating large forces and displacements [75], but require a supply of compressed air,
usually a pump [76], adding to the mass of the system. Another alternative actu-
ator, electroactive polymers, create a displacement by applying a voltage between
two electrodes. They are often used for bending applications [77] and are capable of
generating large displacements, but require much higher voltages and generate much
lower forces than SMA actuators |[78].

Despite their benefits, SMA-actuated robotic arms remain limited. Due to the

lack of a multi-DOF arm capable of precise control, current SMA-actuated robotic

17
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arms are unable to complete tasks common in robotic manipulation, as none have the
required degrees of freedom for position and orientation control of a robotic arm. This
restricts the field of SMA-actuated robotics from common aerial manipulation tasks,
such as object grasping and manipulation, path following, and obstacle avoidance.
A 3-DOF arm will enable experimental validation of controllers and path planning
algorithms that address the unique behaviour of SMA actuators during these tasks.

To integrate SMA-actuated robotic arms into aerial manipulators, their strength
must also be increased. Existing designs are only able to manipulate masses of roughly
75 g |7], which is lower than the mass of even lightweight active end-effectors in the
literature [8, 9]. Unfortunately, their strength or range cannot be easily increased
due to several restrictions including structural and size limitations. Firstly, exist-
ing designs cannot easily increase the number or strength of wires without suffering
from structural failure, as no analysis has been performed on the load application
of SMA actuators. Secondly, size restrictions of multi-wire SMA actuators must be
considered. Existing designs for SMA bundle actuators are unsuitable for an aerial
manipulator due to their inability to use rollers to increase their length. Improve-
ments in SMA-actuated robotic arms require addressing both arm and actuator design
limitations that remain unaddressed in the literature.

To resolve the need for a lightweight, high payload SMA-actuated arm, a 3-DOF,
SMA-actuated robotic arm is developed. This chapter addresses the design limitations
of SMA-actuated arms in several ways. First, the arm increases the degrees of freedom
of existing arms by incorporating multiple actuators within each link. This enables the
arm to simultaneously control end-effector position and orientation, which is essential
for aerial manipulation tasks and has not been achieved with SMA actuators. Second,
the payload capacity of the arm is increased with a design implementing many wires
spooled around a series of rollers, making this the first SMA-actuated arm capable
of manipulating common drone payloads. The increased complexity associated with
these improvements requires a level of design analysis that has not been conducted
in the literature.

In this chapter, the forward kinematics of the arm are calculated for a range of
joint angles to find a suitable operating space. A static force analysis is used to calcu-
late the required strength and size of the SMA actuators, which informs the geometry
of the arm’s components. The resulting actuator forces are applied to the arm’s links
using ABAQUS CAE’s topology optimization tools [79] to reduce component mass,
and component failure is simulated using the Tsai-Hill failure criterion. The compo-

nents were 3D printed from a carbon fiber reinforced nylon filament and assembled
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into the arm. Finally, an adaptive proportional-integral (PI) position controller was
applied alongside a linear path planning algorithm with a trapezoidal velocity profile
to a set of step response and path following tasks. The arm’s unique design that
contains multiple actuators within a single link allows for more degrees of freedom,
and the actuator analysis and following topology optimization drastically increases
the capability of the system. The resulting arm has over double the range and 25
times the torque of any existing SMA-actuated robotic arm, making it substantially
more capable in completing future aerial manipulation tasks.

This chapter is structured as follows: In §3.2, an analysis of possible operat-
ing spaces is conducted and used to inform the actuator requirements in §3.3. The
topology optimization is in §3.4, and a summary of the arm’s assembly and system ar-
chitecture is in §3.5. The arm’s controller and path planning algorithm are described
in §3.6 and the results and discussion are reviewed in §3.7, with some concluding

remarks in §3.8.

3.2 Robotic Arm Analysis

Before SMA actuators can be designed for a robotic arm, the structure of the arm must
be considered. The arm, shown in Fig. 3.1, has three coplanar degrees of freedom
arranged in, which allows control of both the position of the end-effector within a
plane and orientation relative to the base frame. The X-axis is defined as parallel
to the drone platform and ground (with positive to the right), and the Y-axis is the
positive vertical perpendicular to it. The first joint is on a mounting component to
connect the arm and drone systems, while the second and third are separated by links
1 and 2. The third joint is a single component that allows for an end-effector to be
mounted to it. To prevent overstrain of the SMA wires, physical stops are added to
each joint.

Defining the desired link lengths and joint ranges of motion is particularly im-
portant for SMA-actuated robotic arms due to their limited actuation range, which
is defined by the length of the wire. To define the operating space of the arm, the
forward kinematics of the arm were calculated for a given range of angles. The result
is the set of all points the arm’s end-effector can reach as described in Egs. (3.1) and
(3.2), where L, represents the length of a numbered link and g, represents the angle

of the numbered joint.
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X = L;sin(qy) + Lysin(g; + q4)

‘ (3.1)
+ Lgsin(q; + g2 + g3)

Y = —(L; cos(qy) + Ly cos(qy + 42)

(3.2)
+ L3 cos(qy + 92 +493))

Figure 3.1 displays two different operating spaces for two ranges of joint angles for
a potential design. Both operating spaces have the same magnitude of joint range,
and thus require the same length of wire for each actuator. Each plot uses the link
lengths L; = 228.6 mm, L, = 203.2 mm, and L; = 25.4 mm. The operating spaces
are plotted as blue and red dots alongside a 0.4 m wide drone with joint 1 located at
the origin, i.e., (0,0).

The selection of an operating space is specific to the application of the system. For
an aerial manipulator, the shown operating space can be rotated about the vertical
axis, so an operating space biased towards the manipulator’s front or back is accept-
able as the opposite side can be reached by rotating the drone base. The area of each
operating space was calculated numerically, and the biasing of joint 2 increased the
area of the operating space from 443.6 cm? to 897.2 cm?, representing over a two-fold

increase.

3.3 SMA Actuator Analysis

Shape memory alloys undergo a phase change from martensite to austenite when
strained that is reversible when heated [29]. SMA wire actuators function by convert-
ing the linear force caused by their phase transformation to a torque by mounting
the wires to a point offset from the link’s rotational axis. Each actuator can only
exert force in one direction, so a restoring force is required, usually in the form of a
bias spring or a second antagonistically arranged wire, as shown in Fig. 3.2. The use
of a bias spring introduces an additional constraint, as its applied force is coupled
to the wire strain. This results in a reduction of maximum force near the actuator’s
maximum angle, where a larger spring force must be overcome. An antagonistic con-
figuration must overcome the minimum force to stretch the passive wire, but this force

remains constant along the joint’s range of motion. An antagonistic configuration was
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chosen for this design due to its higher activation frequency and precision [44] when
compared to a bias spring, as well as for the constant and lower force required to
stretch the passive wire.

In an antagonistic configuration, each actuator rotates one joint by pulling on a
circular feature that maintains a constant radius such that the resulting torque is
constant for all angles. The use of an antagonistic configuration introduces the possi-
bility of asynchronous actuation depending on the rate of heating and cooling of the
wires when switching direction of motion. This behaviour can be observed in Figure
3.2, where the offset time between the two wires transforming in opposite directions is
shown by the red and blue highlighted areas. The highlighted regions represent time
when temperature is between A; and A f£» representing forward transformation, and
M, and M £ representing backwards transformation. If one wire cools slowly and the

other heats quickly, the antagonistic wire will temporarily increase wire tension until

30 r
-35°<q,<35°, 0°<g,<110°, -90°<q,<90°
20+ ‘35041:[14350. -55°4q2€55°, -QOO{q:‘{‘}OO
10 -
0 L
= Arm Base
2.-10}
=
20 ¢
30 r
End-effector
-50 : : : .
-40 -20 0 20 40

X (cm)

Figure 3.1: Two operating spaces with the same magnitude of joint ranges. The biased
operating space (blue) is significantly larger than the unbiased operating space (red).
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motion can begin, reducing the response time of the actuator. This effect is limited
in this work by the smooth paths generated by the path planning algorithm and rel-
atively fast cooling of the wire, as summarized in Table 3.1. This behaviour could
be further limited using active cooling methods such as forced air convection [29].
Conversely, if one wire cools quickly and the other heats slowly, it is possible for slack
to be introduced into the wire. A pre-tensioning mechanism could be used to prevent
slack, but this project reduces mechanical complexity by ensuring that the wires are
heated quickly enough to prevent wire slack.

Next, the type, number, and length of wire are selected. Flexinol brand wires were
chosen due to their low cost, commercial availability, and their prevalence in existing
literature [29]. The diameter of the wire controls the force and cooling time, with
thicker wires producing larger forces but requiring more time to cool. A 0.25 mm di-
ameter wire with an activation temperature of 90°C is the thickest available wire that
cools within an acceptable length of time, in this case 4.5 s [29]. Thicker wires would
simplify the design by reducing the number of required wires, but would increase
actuation time and would not have a safe maximum current. Table 3.1 summarizes
the properties of the chosen SMA wire.

The SMA wires were grouped together to create bundle actuators, which use
many wires in parallel to increase actuator force while maintaining favorable thermal
characteristics compared to using a single, thicker wire. Bundle actuators with as
many as 48 wires have been created [10]. Increasing the number of wires within a
bundle increases the maximum force of the actuator, but requires more space, power,
and a stronger structure. The thermal characteristics of the bundle depend on the
wire spacing, as higher spacing allows for faster cooling.

To determine the number of wires, N, required for an actuator in joint n, and

the radius of the component they pull on, 7, , a static analysis of the required joint

n»

torque was performed. The maximum torque generated by each actuator, 7, ,, is a

function of the number of wires, N,, the wire cross sectional area, A,,, the maximum

wire stress, o and r,,, as described in Eq. (3.3). A maximum stress of 172 MPa

w,max>

was used as recommended by the supplier [29], which results in a force that can be
applied by the wire throughout its range of motion.

Tan = Nwaw,mawarn (3'3>

The maximum actuator torque, 7, , must be greater than or equal to the static

torque exerted by the mass of the arm and end-effector, denoted at joint n as 7, ,.



CHAPTER 3. SMA-ACTUATED ROBOTIC ARM FOR AERIAL MANIPULATION 23

Spring Bias Configuration Antagonistic Configuration
14 Wire Heating and Contraction y Wire Heating and Contraction
——_— ¢ —-—
Iy
]
] : ,
A Wire Cooling and Extension
:; —_—
4
A‘-‘r’im Cooling and Extension v Wire Cooling and Extension
—_— (. - =
]
/
| Wire Heating and Contraction
g -
s

Wire Temperature
Wire Temperature

N % g o

Figure 3.2: Comparison between spring bias and antagonistic configuration for an
SMA actuator (above). Temperature versus time plots for a spring bias and antag-
onistic configuration (below). Areas of heating and contracting are shown in red,
occurring when wire temperatures T, or T, o, for wire 1 and wire 2, respectively, are
between Austenite start and finish temperatures, A, and A f- Areas of cooling and
biasing are shown in blue, occurring when T,,; or T,,5 are between Martensite start
and finish temperatures, My and M Iz Areas highlighted in both red and blue indicate
simultaneous cooling of one wire and heating of the other.
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Table 3.1: SMA Wire Properties

Property Value
Diameter (mm) 0.25
Activation Temp. (°C) 90
Recoverable Strain (%), €.+ 4
Maximum Stress (MPa), 0;, ;0 172
Resistance (€2/m) 18.5
Safe Current (A) 1.05
Expected Cycles 10°
Min. Heating Time (s) 15
Max. Cooling Time (s) 4.5

The static torque 7, , is a function of link mass, m,, and the horizontal distance

between the center of mass and the joint, d,,, as described in Eq. (3.4).

n
Tn = Z midi (3'4>
i=1

Several trade-offs must be made in the selection of r, and N,. Increasing the
number of wires increases the actuator torque, but also requires more space and
results in higher power consumption. Increasing r,, also increases actuator torque,
but requires proportionally longer wires. A full design analysis of this actuator is
beyond the scope of this chapter and so the decision making process is limited to
finding any combination of these values that does not violate the torque limit and
results in geometry that can be reasonably accommodated within the arm.

The value of d,, is determined by finding the maximum distance in the X-axis
using forward kinematics, described in Eqs. (3.1) and (3.2). An assumption is made
that the mass of each joint is concentrated at the geometric center of the link. As a
first approximation, m; = 300 g, my = 100 g, and m3 = 300 g. A set of values for
N,, and r, were selected to satisfy the constraint that 7, , > 1, ,.

The actuator design was limited to strain the wires by 4% or less, which is within
the safe repeatable range for the wires [29]. The minimum wire length, L, for the
desired range of motion between angles q,,;, and g,,,, in radians and maximum strain
€max 18 calculated using Eq. (3.5) and summarized in Table 3.2.

Lw _ (qmax - %nin)rn (35)

€HlaX

Since the required wire length is much longer than the length of the links, the
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Table 3.2: Actuator Parameters

Joint No. r, (cm) N, L, (mm)

1 2.54 6 775.5
2 1.28 7 669.9
3 0.57 3 447.5

Fixed SMA
Wire End

Rotating SMA
Wire End

Figure 3.3: Link 1 assembly showing link 1 and 2 components, wire rollers, and fixed
wire ends. The path of the joint 1 counterclockwise (CCW) actuator is shown in red.

wires must be wound around pulleys several times. These pulleys are mounted on
aluminum internally threaded connecting rods that also serve to connect the two
sides of each arm link, enclosing the actuators and supporting them from both sides.
The two halves are connected by bolts and washers threaded into the connecting rods.
Figure 3.3 shows this structure and highlights the path of the joint 1 counterclockwise
(CCW) actuator. Figure 3.4 similarly displays the path of the joint 2 counterclockwise
actuator. Each actuator consists of four rollers, one mounting component, and the
rounded termination blocks used to convert wire force to joint torque.

Contact between wires of different actuators would result in a short circuit, in-
creasing the current flowing through the wire and quickly overheating it. Contact is
prevented by thin sheets of 3D printed PAHT-CF filament supplied by Bambu Lab
separating the actuators. Contact of wires within the same actuator would not re-
sult in a short circuit, as the same voltage is applied over all wires within the same
actuator. As shown in Figure 3.5, multiple SMA wires are arranged horizontally and
are electrically in parallel. A set of wire separators (shown in pink), placed along

the length of the actuator, prevent the tangling of wires. This design is distinct from
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- = Rotating SMA
Fixed SMA Wik B

Wire End

Figure 3.4: Link 1 assembly showing link 1 and 2 components, wire rollers, and fixed
wire ends. The path of the joint 2 counterclockwise (CCW) actuator is shown in
green.

many existing bundle actuators, which arrange SMA wires in a circle. While a cir-
cular bundle can fit more wires in a smaller space, they are generally constrained to
linear wire motion without pulleys, resulting in large actuators unsuitable for mobile

robotic applications [10]. Wires are kept at a distance of 1.2 mm from each other,

Mechanical
Connection Electrical
\ Connection

SMA

N

SMA Wire
Seperator

Figure 3.5: SMA actuator subassembly showing electrical connection (green), me-
chanical connection (red), SMA wires (blue), and SMA wire separators (pink)
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nearly 5 times the diameter of the wires themselves. Because of this large spacing
ratio, each wire is unlikely to impact the heating and cooling of other wires.

Finally, the fatigue of the SMA actuator must be taken into account, as functional
fatigue of the wire can reduce the recoverable strain over many cycles. This reduction
is a function of applied wire stress, temperature, and applied strain [29, 80]. This
type of fatigue is not well understood in the literature, and no general model for the
number of cycles expected from a particular design currently exists. A full fatigue
analysis of the SMA wire is beyond the scope of this chapter, but guidelines from the
supplier and the literature can be used to inform expected actuator life. Functional
fatigue of this wire cycled at 138 MPa of stress was observed to be less than 1% over
10° cycles [29]. While this study uses a maximum stress of 172 MPa, this limit is
only reached at a single point in each joint’s range, and the overwhelming majority of
cycles will be at a stress under 138 MPa. Similar guidelines of 10° cycles have been
used elsewhere in the literature for NiTi based SMA wires [81]. Fatigue of the wires
is also limited by supplying current at only 75% of the maximum current to prevent
overheating, physical stops to prevent wire overstrain, and limiting wire strain to 4%
strain, which is significantly less than the maximum recoverable strain of 8% that is
available to NiTi SMA wires [29]. The impact of actuator fatigue could be further
limited using pre-conditioning cycles, then using the conditioned length as the new
nominal wire length [29, 40]. Unless each joint is consistently operating under the
maximum torque scenario (i.e., full load capacity and at full horizontal extension),
the expected functional fatigue of the SMA wires are anticipated to remain less than

1% over 10° cycles.

3.4 Topology Optimization

To reduce the mass of the arm and ensure its structural integrity under the applied
loads, topology optimization techniques were applied. Topology optimization is a
process in which material is iteratively removed from a base design to minimize the
value of an objective function. The result of the process is an optimized lightweight
part. Topology optimization has been applied to various robotics projects, usually
to larger components such as the links of a robotic arm [4, 82|. This technique is
well-suited for SMA-actuated robotics due to the high compressive forces applied by
SMA wires within a structure that are further increased when using rollers to increase
wire length.

The two halves of each arm link were identified as the largest components of the



CHAPTER 3. SMA-ACTUATED ROBOTIC ARM FOR AERIAL MANIPULATION 28

Joint 1 Fixed Boundary Condition

Actuator
Force Reaction Force

Frozen
Regions

Joint 1 Clockwise Actuator Path

Fixed Boundary Condition

Joint 2 | pT— — Joint 3 Counterclockwise

Actuator Wire Path

Frozen
Regions

Joint 3

Figure 3.6: Optimization setup for links 1 and 2. Frozen regions excluded from
optimization are shown in turquoise, the fixed boundary condition is shown in pink,
actuator and reaction forces are shown in yellow, D, is in red, and wire path for the
joint 1 clockwise actuator and joint 3 clockwise actuator are shown in blue.

structure, and, thus, the components that would benefit most from optimization. The
optimization problem was simplified by assuming symmetrical loading between the
two halves of each arm link applied at a distance in the Z-direction beyond the points
where rods connect the two halves, as shown in Fig. 3.6.

The forces F, and F,, and moments M, and M, applied by the actuators at each
load point at angle 6, and distance D, were calculated using Eqgs. (3.6), (3.7), (3.8),
and (3.9).
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Table 3.3: PAHT Carbon Fiber Reinforced Filament Mechanical Properties [83]

X1 Xo9 Xig E, E, Gy v
(MPa) (MPa) (MPa) (GPa) (GPa) (GPa) (-)
92 47 125 3.86 2.18 423 0.25
F, = N,F,cos(0,) (3.6)
M,=F.D, (3.7)
F, = N,Fysin(0,) (3.8)
My = FyDa (3.9)

For link 1, five load cases were considered—four cases each with one actuator
applying its maximum torque and one case with all actuators applying maximum
torque. Each case also includes a force at the next joint creating static equilibrium.
The final load case is an unlikely edge case, as two antagonistically configured actu-
ators would not be activated at the same time, but was considered in the case that
both actuators were momentarily at their maximum stress. For link 2, three load
cases were considered in the same manner as link 1.

A material profile to match the carbon fiber reinforced filament material properties
was created [83]. The 3D printed material, which was printed using 100% infill, can
be modelled as a transversely isotropic material. The material orientation was set
such that a single 3D printing layer is on the X-Y plane as defined in Fig 3.6, as
this is the plane intended to experience the smallest amount of bending. Xy, Xy,
and X, values represent the strength of the material under tensile, transverse, and
shear stress, while E;, E,, and G;5 represent the corresponding moduli of elasticity
and shear modulus, and v represents Poisson’s ratio. These material properties were
provided by the supplier’s technical data sheet [83] and are summarized in Table 3.3.

Each link was imported into ABAQUS CAE [79] and partitioned to create a
cylindrical section to be frozen around each connecting rod and joint. Tetrahedral
elements with an average size of 1 mm were used. While the applied loads are in
static equilibrium, a boundary condition to prevent rotation and translation of the

arm was imposed on the upper joint of the link.
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Table 3.4: Topology Optimization Process Parameters and Results

Link 1 Link 2
Mesh Parameters
Average Mesh Element Size (mm) 1 1
Number of Mesh Elements 125664 195180
Initial Volume (mm?) 115203 178649
Frozen Volume (mm?) 9490 6961
Objective Function Constraints
Volume Limit (mm?) 0.15 0.035
Displacement Limit (mm) 5 N/A
Minimum Member Size (mm) 20 10
Maximum Member Size (mm) 30 30
Objective Function Parameters
Displacement Weight 0.4 0
Strain Energy Weight 0.2 1
Von Mises Stress Weight 0.4 0
Results and Post-Processing
Pre-Opt Mass (g) 122.1  189.4
Post-Opt Mass (g) 26.9 13.7
Final Mass side 1 (g) 20.1 18.2
Final Mass side 2 (g) 28.7 20.5
Percent Reduction side 1 (%) 76.2 90.0
Percent Reduction side 2 (%) 76.5 89.2
Optimization Cycles 150 93
Maximum Tsai-Hill Value 0.71 0.4

The forces and moments generated by each actuator are applied to a reference
point that is pinned to the inner face of each hole. This represents the rod that
connects the two halves of the link, which transfers force from the actuator to the
links. This assumes that the connecting rods do not deflect under the actuator force,
which is reasonable, as they are made from aluminum and have a diameter of 0.25 in.

Excessive stress and deformation in initial optimization tests of link 1 required a
modification of the objective function to decrease maximum stress and maximum dis-
placement of the link. Von Mises stress was selected as an optimization parameter due
to software restrictions within ABAQUS. Von Mises stress is not an accurate indicator
of composite failure, but is suitable as an intermediate step during optimization. Af-
ter optimization, the Tsai-Hill method [84] was used to verify the optimization results.
The parameters of the topology optimization process are detailed in Table 3.4.

Further analysis of the resulting part was completed to ensure the part would not

fail under load using the Tsai-Hill failure method. This method combines tensile,
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Joint 2 Potentiometer

Joint 1 Potentiometer and Bearing Mount
And Bearing Mount Joint 1 Angle Limiter Mount

Manually Smoothed Region

Figure 3.7: Link 1 pre-optimization (top), post-optimization (middle), and post-
processed (bottom)

Joint 3 Potentiometer
and Bearing Mount

Joint 2 Mount Manually Smoothed Region

Figure 3.8: Link 2 pre-optimization (top), post-optimization (middle), and post-
processed (bottom)
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shear, and transverse forces simultaneously, as shown in Eq. (3.10) [84], where o, is
the intra-layer stress, 04, is the inter-layer stress, and 7,9 is the shear stress, all of
which are defined in Eqs (3.11), (3.12), and (3.13). The variables X;;, Xy, and S;
are material properties defined in Table 3.3. In Eq. (3.10), a mesh element returning

a value greater than or equal to one indicates failure of the part.

2 2 2
011 011022 022 T12
_ + +l—] =21 (3.10)
(Xn) X121 (XQQ) (512)
o1 = \/Gazc + 0 (3.11)
(722 = GZ (312)

Tiy = AJ0%5 + 035 (3.13)

Across all load cases, the maximum Tsai-Hill value was 0.71 and 0.4 for links 1
and 2, respectively; both of which are well under the value of 1 that indicates failure.
Fatigue analysis of the components was not considered due to the complexity of fatigue
modelling of nonisotropic materials, which is beyond the scope of this chapter.

After ensuring that the parts are under their stress limits, parts were smoothed
in preparation for 3D printing. Each link was smoothed in MeshLab [85], a free mesh
processing software. A 15-cycle scale-dependent Laplacian Smooth [86] was used for
link 1, while a 10-cycle Taubin Smooth [87] was used for link 2. Different smoothing
algorithms were found to produce the best results due to the different feature sizes of
the arm links. After smoothing, the mesh was imported into SolidWorks [88], where
features were added to enable assembly. Flat faces on the sides of the links and
cylindrical features in frozen regions are used to attach connecting rods and bearings.
Bolt holes for joint potentiometers and angle-limiting features complete the assembly
and prevent wire overstrain.

The optimization process resulted in significant mass reduction of the arm links.
In total, mass of the links was reduced by 526.5 g (85%). A breakdown of the starting
and final component masses is shown in Table 3.4. This is a significant mass reduction
that will increase the flight time and reduce the required thrust of the drone it will

be implemented on in future work.
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3.5 Experimental Setup

This section details the arm assembly and system architecture, compares the arm to

existing SMA-actuated robotic arms, and defines the tests conducted in §3.7.

3.5.1 Arm Configuration and Mass

After the arm link halves were optimized, the links were assembled into the arm
structure. A base component, passive end-effector, and connecting rods were added.
Actuators were separated by thin 3D printed panels to prevent short circuits.

A passive end-effector was selected for its low mass and simplicity. It is capable
of picking up and moving small masses using a hook. A CAD model of the arm on
its test stand is shown in Fig. 3.9, and an image of the assembled arm in Fig. 4.2.
Before assembly, all parts were weighed to evaluate the arm’s mass distribution and
their masses are included in Table 3.5.

The assembled arm weighs only 399 g, and 546.3 g including electronics, which
is significantly lower than the mass of similar lightweight aerial manipulators [82],
and can manipulate masses nearly its entire weight. Shafts and bearings made up
the largest portions of the arm mass and could be further reduced by only including
shafts for a short length on the outer ends of each component and using lightweight
bushings instead of bearings. The SMA actuators, including rollers, compose only

10.8% of the arm’s mass, which is much less than that of servo-actuated arms [5].

Figure 3.9: Arm CAD model, including  Figure 3.10: Image of the robotic arm
electronics box and test stand structure with a passive end-effector
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Table 3.5: Arm Mass Breakdown

Mechanical Structure Mass (g) Mass (%)
Optimized arm links 96.5 17.7
Base 33.6 6.2
End-effector 10.8 2.0
Joint limiters 6.0 1.1
Potentiometers 435 8.0
Connecting rods 40.5 7.4
Shafts and bearings 97 17.8
Nuts and bolts 27.8 5.1
SMA wires 6.9 1.3
SMA wire rollers and connectors 36.4 6.7
Structural subtotal 399.0 73.0
Electronics

Electrical Connectors 24.72 4.5
Microcontroller 25.0 4.6
MOSFETs 41.22 7.5
Electrical Wires 449 8.2
Wire Sheath 11.5 2.1
Electronics subtotal 147.3 27.0
Total mass 546.3 100.0

3.5.2 System Architecture

The system architecture was designed in accordance with the schematic shown in
Fig. 3.11. First, a set of desired waypoints is provided to the computer and are
used to calculate the required joint angles at a given timestep. The desired joint
angles are then sent to an Arduino Uno at a rate of 20 Hz. The Arduino outputs
a pulse width modulation (PWM) signal to three of the six MOSFET circuits as
defined by the adaptive PI controller, which switches power between the clockwise
and counterclockwise actuators. The MOSFETs, supplied by LGDehome, increase the
voltage of the PWM signal using the 12 V, 30 A power supply supplied by Anbull,
applying the desired current to each actuator. Closed-loop control is achieved by
measuring joint angles with a 20 k2 Taiss brand potentiometer (part number WH148)

secured to the shaft of each joint and recorded using the Arduino Uno microprocessor.

3.5.3 Arm Comparative Analysis

To highlight the difference in performance between this and other existing SMA-actuated

arms and its suitability for aerial manipulation, a comparison was performed using
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two metrics. A one-to-one comparison between arms is difficult, as they vary in size,
strength, and degrees of freedom. Furthermore, comparison between the developed
arm and traditional aerial manipulators is difficult as most papers do not publish the
mass or maximum torque values of the manipulator. This arm is also significantly
larger than existing arms, resulting in larger required torques to manipulate the same
mass. Therefore, the ratio of the arm’s maximum joint torque to mass was used as
a point of comparison, as it encompasses the arm mass, payload capacity, and range.
The actuator torque used in the first joint of each arm, as calculated from the the-
oretical strength of the actuator, is used for each case. This value does not account
for the mass of the arm link the actuator provides torque to, so the mass of the arm
is listed separately. The comparison, summarized in Table 3.6, shows that this arm
is 25 times stronger and has a torque-mass ratio 8 times higher than the strongest
existing SMA-actuated arm.

Secondly, the operating space of several SMA-actuated robotic arms were com-
pared and are plotted in Fig. 3.12. This comparison shows the operating range of each
arm as though their first joint was placed at the base of a drone, and includes both
the theoretical and measured range of motion of this robotic arm. The developed arm
is notably more capable of manipulation at range, which is important for manipula-
tion tasks in front of a drone while maintaining clearance between the drone rotors

and the object to be manipulated. The discrepancy between the measured (red) and

Computer
Desired _| Inverse | JointAngles |Path Planning | |Interpolated
Waypoints Kinematics Algorithm Path Angles
Arduino
Switching PWM
. = PI Controller [«
Logic Signal
Signal Measured

Processing | [Joint Angles

Electronics Box Robotic Arm

Actuator Voltage

Power MOSFETS Potentiometers

Supply |12V

v Yy

Figure 3.11: System architecture of the arm showing signal paths between computer,
microcontroller (Arduino), and robotic arm
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theoretical (yellow) range of motion, which is based on 4% recoverable wire strain,
is explored further in §3.7. Despite its limitations, the developed arm is capable of
operating at a further distance from its base than any existing SMA-actuated arm,
making it much more suitable for aerial manipulation tasks. While simpler, smaller
arms could more easily grasp or move objects on the ground, the increased degrees of
freedom of the developed arm makes it appropriate for more complex manipulation
tasks.

3.5.4 Experimental Tests

To evaluate the performance of the arm and the adaptive controller described in this
section, several tests were conducted. First, the arm’s range of motion was tested
and compared to its theoretical range to validate the arm design by applying the
maximum current to each actuator in series and measuring the joint angle.

Second, the controller’s performance was evaluated for a series of step responses
for all joints simultaneously, representing a movement from one point to another. The
steady-state error of each joint was measured for each step response, and the test is
repeated while the arm is carrying a 300 g payload.

Third, a series of path-following tests were conducted. Given a set of way-
points, the desired joint angles are determined using the path-planning algorithm
defined in §3.6. The performance of the controller was evaluated by calculating the

root-mean-square error (RMSE) of the end-effector’s position and orientation.

Table 3.6: Comparison of Calculated Actuator Torques

Reference Type Joint 1 Actuator Arm Mass Torque-Mass Ratio

& DOF Max. Torque (g) (Nm/kg)
(Nm)

This study SMA Bun- 1.55 546.3 3.88
dle, 3-DOF

Ref. 7 SMA 0.061 129 0.47
Spring,
2-DOF

Ref. 25 SMA Wire, 0.016 48 0.33
1-DOF

Ref. 89 Motor, 0.588 250 2.35

5-DOF
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Figure 3.12: A comparison between the range of motion of three SMA-actuated
robotic arms. The red region is the measured range of motion, which is discussed
further in §3.7.

3.6 Path Planning and Arm Control

During path following tests, the desired behaviour of the arm is to smoothly move
from one point, defined by (xy, y;) with an orientation, defined by end-effector angle
Opg, to another at a given time f;. The desired orientation varies depending on
the behaviour of the test being conducted. The inputs given to the path planning
algorithm, W, are a set of waypoints defined by Eq. (3.14).

Xq Xy ... X
QEEl QEEQ o o QEEk
t, oty ..t

From the waypoints W, the inverse kinematics of the arm are calculated to de-
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termine the desired joint angles at each waypoint. Motion between the provided
waypoints is achieved through the use of intermediate joint angle targets. Between
each waypoint, a trapezoidal angular velocity profile is generated with an acceleration
time of 2 s, resulting in many target angles equally spaced in time.

Closed-loop control of the arm is achieved using an adaptive PI controller with
proportional gains, K, and integral gains, K; ,. The controller calculates the desired
currents, I, in Eq. (3.15) using the angular joint errors, g,, which are obtained from

current joint angles, g;, and desired joint angles, g4, in Eq. (3.16).

I= Ker + Ki,a J q, (315)

4. = qq — q; (3.16)

The error integral term is approximated in Eq. (3.17) for timesteps with length
t,. Two sets of gains are used—one for step response tests and one for path following

tests. Both sets of gains are included in Table 3.8.

k
qe > D (i)t (3.17)
i=1

A simple gain-switching control law defines the joint n element of the integral gain
matrix, K; of the controller in Eq. (3.18). This algorithm switches the controller

iamn»

integral gain between 0 and the positive gain K; ,, listed in Table 3.8, when the
angular error of a joint is less than 2°. This switching rule resulted in significantly
lower error than traditional proportional-integral control. By limiting the growth of
the integral term, slow oscillations are prevented without sacrificing the improved
steady-state response of the controller. Chatter is not expected from the addition
of the gain-switching rule, as the addition of an integral term will not change the

direction of motion of the actuator.

if < 2°
Ki,u,n = . ) fem . (3.18)
0 ifg,,=>2

Finally, current-switching logic is introduced to ensure the controller applies cur-
rent to only one of the two antagonistic actuators within a joint at a time, as described

by Eq. (3.19). At each timestep j, this equation determines the current applied to
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Table 3.7: Actuator electrical requirements

Joint 1 2 3
Number of Wires 12 14 6
Wire Length (mm) 818 645 497
Wire Resistance (£2) 151 119 9.2

Max Current / Wire (A) 0.75 0.75 0.75

the clockwise actuator, Icyy ;, and counterclockwise actuator, Iccwy ;-

T .
ICW”W [o _1].] if 1, <0

[ = ; (3.19)
ICCW,]' [[]. o] if Ij >0

The error introduced by the hysteresis of the SMA wires, which occurs due to
differing forwards and backwards transformation paths, is reduced in this work by
the closed-loop control of the actuator. The inclusion of feedforward terms in the
controller may improve performance, especially for more complex controllers, but
feedback control has effectively managed the errors introduced by hysteresis in pre-
vious works [6, 7].

To prevent overheating, applied current per wire was limited to 0.75 A, which
is under the supplier’s recommended current for a heating time of 1 second [29].
This current is a safe upper limit for continuous operation that should not result
in overheating and can be easily supplied using a 12.55 V source for all wires. The
applied current I is related to desired voltage through Ohm’s Law. The resistance
of each SMA wire is a function of its phase, stress, and temperature [29]|, which
would require more complex estimators of the wire’s phase. The resistance of the
wire is instead assumed to be the average resistance of the SMA wire throughout
its transformation. The PWM output signal from the Arduino to each MOSFET
is the ratio of desired voltage to supply voltage of 12.55 V. Table 3.7 describes the
electrical limits of each actuator. A power supply was used to convert 110-120 V AC
to 12 V DC power. On an aerial manipulator, power would be supplied either by a

separate battery or from the same battery used by the rotors.

3.7 Results and Discussion

Several experiments were conducted to validate the arm’s design and controller. First,

the actual range of motion for each joint was measured by applying the maximum
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voltage to each actuator in series. Second, a series of step responses were tested
for each joint simultaneously to measure the controller’s steady-state response. Fi-
nally, the path planning algorithm was implemented and evaluated by measuring the
root-mean-square error of the end-effector position and joint orientation.

The range of motion tests were completed by applying voltage in a series of step
responses, applying 0.75 A of current for 30 s, and alternating the direction of motion
three times. The first cycle was removed from the data to ensure initial conditions
of the arm did not impact the measured range. The results of this test are shown in
Fig. 3.13. These tests indicate that the arm’s actual range of motion is smaller than
the predicted range, which assumes 4% recoverable strain.

To explore the causes of the limited range of motion, an experiment was con-
ducted comparing the behaviour of a full antagonistic actuator (with clockwise and
counterclockwise SMA actuators), with a single SMA actuator. The results of these

tests are shown in Fig. 3.14. For the single-actuator tests (shown in blue and orange),
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Figure 3.13: Results of the range of motion test for all three joints. The measured
angle, theoretical maximum, and theoretical minimum are plotted.
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Figure 3.14: Comparison between the antagonistic configuration with and without a
300 g mass, and single-actuator range of motion tests. The single-actuator tests show
a much larger range of motion, and reach their limits much more quickly than the
antagonistic configuration.

the opposing actuator for joint 1 is physically removed to isolate the performance of
an individual SMA actuator. These results are compared to two antagonistic tests
with both actuators present—one while manipulating a 300 g mass and one while
manipulating no mass. For both tests, 0.75 A of current was applied to the actuator
as in previous range tests.

The results show that an individual actuator is capable of reaching the desired
range of motion, but cannot when assembled into an antagonistic configuration. The
results of the single-actuator tests indicate that rollers do not limit the recoverable
strain of the active, contracting wires, likely due to their continuous contraction along
its entire length. However, when an antagonistic wire is added, tension is applied only
at the end of the passive wire. Friction between the roller and the shaft, as well as
friction between the wire and roller, as force is increased, results in a lower tension
force after the roller than before it that would compound as the number of rollers
increases.

Preliminary off-arm tests were conducted to determine the impact of rollers on

an antagonistic configuration. Tests using zero or one roller were able to achieve
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Table 3.8: Controller Gains

Test Joint No. K, K; forq,<2°
1 16 T7e-4
Step Response 2 18 8e-4
3 1.5 5e5
1 14 3e-4
Path Following 2 12 1le-4
3 2 le-5

4% recoverable strain. This strain was reduced as the number of rollers increased,
as measured by images taken of the system, a comparison between this and other
SMA-systems can inform avenues for future work. The full arm system differs from
existing systems in two important ways. First, the actuator is spooled over four
rollers, while the bulk of existing SMA-actuated systems use one or no rollers at all.
One SMA-actuated system using similar rollers to those in this project also observed
a recoverable strain of only 40% that of an unspooled wire [90]. Secondly, this work
is the first to use large bundle actuators over rollers, which may dramatically increase
the friction between the rollers and the shafts supporting them. This is supported by
the differences between the test carrying a 300 g mass and the test without it, where
range of motion is further reduced when wire stress is increased despite all wires being
under their maximum stress.

Three potential sources of the observed range reduction are identified.

1. Friction between rollers and wires or between rollers and connecting shafts is

higher than expected.

2. The roller design results in a non-homogeneous distribution of strain along the

wire’s length.

3. The portions of wire along the circular faces they connect to are unable to slide

along its length and limit motion.

Step response tests were completed by providing the arm with nine joint angles
for each joint ranging across its range of motion and repeated when carrying a 300 g
mass. FEach test moves from the arm’s resting angle to its maximum and minimum
limits, then to the center of its range. For the tests carrying the 300 g mass, the
target angle of the third joint was set to zero to ensure that the end-effector did not

drop the mass and invalidate the test results. The gains for the PI controller were
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Figure 3.15: Angular position of each Figure 3.16: Angular position of each
joint during a series of unloaded step re- joint during a series of step response tests
sponse tests. while carrying a 300 g mass.

determined via trial and error, and the same gains were used for both sets of tests as
summarized in Table 3.8. To evaluate the efficacy of the controller, the steady-state
error magnitude for each step response is calculated as the average error during the
last two seconds of each step. The average and maximum observed steady-state error
across all responses is shown by joint in Table 3.9.

The results of these tests show that the behaviour of the arm varies across its range
of motion. This is clear in Figures 3.15 and 3.16, as well as in the large difference
between average and maximum steady-state error in Table 3.9. This is particularly
noticeable near the extremities of each joint’s range, where the arm moves more
slowly and takes much longer to reach its target. Attempts to compensate for this
by increasing controller gains led to unacceptably large oscillations near the center of
the joint’s range.

Path-following tests were conducted by selecting four waypoints for the arm to
move to. Points were selected such that the arm would move across its operating
space while requiring simultaneous motion from all joints. The end-effector position
and orientation are calculated at each timestep based on the forward kinematics of the
arm. A second test was completed with a different path while holding a 300 g mass.

The results from the first test are shown in Fig. 3.17 and the second are shown in
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Table 3.9: Step Response Test Results. Payload = 300 g

Joint 1 Joint 2 Joint 3

Avg SSE with payload (°) 0.137 0.124 1.754
Max SSE with payload (°) 0.499 0.210 4.684
Avg SSE without payload (°)  0.079 0.348 0.445
Max SSE without payload (°) 0.158 1.530 1.142
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Figure 3.17: Joint angles, end-effector position, and angular error for an unloaded
path following test

Fig. 3.18. Both figures show the joint angles over time, the position of the end-effector
in 2D space, and the position and angular error of the end-effector. Both tests showed
low positional and angular errors, especially when considering the large mass being
manipulated when compared to the mass of the arm. The results of these tests are
summarized in Table 3.10.

Results from the step response tests show that the controller is capable of achieving
fine angular control of each joint. However, the arm is unable to reach the extremities
of its range of motion within the given amount of time. Despite this shortcoming, the
average steady-state error of the first two joints was below 0.35°. The third joint was
more difficult to control under these conditions, and its controller is not as robust to
the difference in payload as the first two joints.

The path-planning algorithm results in smooth paths that the arm was able to
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Figure 3.18: Joint angles, end-effector position, and angular error for a path following
test carrying a 300 g mass

Table 3.10: Path Following Test Results. Payload = 300 g

Position (cm) Orientation (°)

RMSE 0.480 0.984
Max Error 1.768 2.761
RMSE with Payload 0.477 1.052
Max Error with Payload 1.558 3.676

follow with low positional and angular error. However, the controller’s efficacy is
significantly reduced at the extremities of each joint’s range, which is particularly
noticeable in the plots of joint 1 and 2 angle in Fig. 3.18, resulting in position errors
of up to 1.5 ecm. It is also notable that positional error is reduced to less than
one millimeter at the defined waypoint time T, which is extremely precise. The
root-mean-square error of the end-effector position of 0.4780 cm and 0.477 cm is over
2.5 times less than previous tests in SMA-actuated path following [7]. Notably, this is
more precise than step responses, although this may be due to non-optimal controller
gains. The controller is remarkably robust to varying payload masses, and performs
similarly when manipulating a 300 g mass than when manipulating no mass at all with
no change in controller gains. The controller is less effective during movement between

waypoints, particularly for joint 3, at which point each actuator oscillates around the
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desired angle. This is likely due to the required time for the opposing actuator to
be heated, which could be improved by integrating an anti-slack mechanism to the
controller. Under dynamic loads or in unpredictable environments, a more advanced
controller may be necessary to achieve similar performance to that achieved during
static load testing.

The precision of the arm system is well within the precision required for complex
aerial manipulation tasks. In [91], cubic structures were assembled with a 100%
success rate with a positional accuracy of 3 cm and angular accuracy of 5° which
was easily achieved by the arm controller during path-following tests (as shown in
Figs. 3.17 and 3.18). More precise tasks, such as drilling a hole [92], have been
achieved with an end-effector accuracy of 2.5 mm, which this arm achieved at the set

points of the path planning tests.

3.8 Conclusion

This chapter documented the development of an SMA-actuated robotic arm for aerial
manipulation tasks. Topology optimization of the arm links resulted in a mass re-
duction of 661.3 g, resulting in an arm capable of manipulating payloads over half
its own mass. This high payload-mass ratio makes the arm an excellent candidate
for an aerial manipulator on a small or medium-sized drone. The arm has a signifi-
cantly larger manipulation range than existing SMA-actuated arms, and is the first
SMA-actuated arm capable of simultaneous position and orientation control.

Initial range of motion testing showed that the antagonistic actuators’ recoverable
strain was significantly lower than anticipated, opening an avenue for future work.
These results suggest that a further study on the effect of roller radius, number,
and material would improve the capacity and reliability of SMA-actuated systems.
A general model of strain reduction over rollers would make these systems more
robust and would increase the fidelity of SMA actuator simulations. Similarly, an
investigation of the heat transfer between wires within the actuator bundle could
be used to inform the design of future SMA-actuated robotic arms. Further studies
could also investigate the performance degradation of the SMA actuator in an applied
setting, where the effect of varying cyclical loading as the arm moves throughout its
workspace could be observed in a practical environment.

An adaptive PI controller was applied to each joint and experimentally validated
through a set of experiments, in which the arm followed a step response and desired

path, both of which were able to achieve low positional and angular errors. The arm’s
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high payload to mass ratio makes it an excellent candidate for aerial manipulation
using smaller drone bases than those found in the literature, allowing for tasks to
be completed in confined spaces, indoors, or near workers where safety must be em-
phasized. The SMA actuator’s design represents a 25-fold increase in torque when
compared to existing SMA-actuated arms. This increased payload is large enough to
include gripper manipulators, simple tools, or sensor payloads, making it applicable

to construction or inspection tasks.



Chapter 4

Multi-Level Impedance Control of a
Shape Memory Alloy Actuated
Robotic Arm

4.1 Introduction

Aerial manipulation is a field of robotics that couples drone platforms with robotic
systems. An aerial manipulator consists of a flying platform, such as a helicopter
or quadrotor, and a manipulator. By enabling flight, the range and mobility of a
manipulator can be greatly increased, allowing robots to reach locations that would
otherwise be inaccessible. Currently, the mass of the manipulator is the largest re-
striction in the field, limiting complex arms to large drones [2]. This restriction makes
current aerial manipulators unsuitable for tasks near people or in small spaces.

The low mass and high energy density of SMA actuators makes them an excellent
candidate for reducing the mass of aerial manipulators. However, this has not been
achieved due to several gaps in the literature regarding the design and control of
SMA-actuated robotic arms. Specifically, increases to arm range and payload capacity
must be achieved before they can be effectively integrated into an aerial manipulator.
Additionally, impedance control and state estimation techniques, both of which would
allow for more precise interactions between the arm and its environment, have not
been completed for multi-DOF, SMA-actuated arms.

This chapter addresses both the design and control gaps in the literature identified
in Chapter 2. A 3-DOF, SMA-actuated robotic arm is developed that includes all

six actuators within its base. This arm distinguishes itself from the arm developed in

48
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Chapter 3 by the static wire placement, which allows for longer wires to be contained
within the base of the arm frame. This arm is sized to match a potential drone for
future aerial manipulation tasks. This design requires cable-driven manipulation and
couples the motion of each arm joint to multiple actuators in the base frame.

To address the control limitations present in the literature, a novel, SMA-driven
compliant actuator is introduced in this chapter. This actuator decouples the SMA
actuator and load components through springs, enabling direct torque measurement
as well as simultaneous control of the clockwise and counterclockwise actuators. This
strategy allows for separate position control of each actuator, which can be extended
to torque control given the actuator’s known spring constant and measured deflection.
Simultaneous deflection of both actuators allows for wires to stay within their trans-
formation temperature at all times. A new bidirectional controller is introduced to
prevent wire slack and is compared to existing antagonistic controller performance.
Additionally, this work investigates the application of an extended Kalman filter
(EKF) in the developed robotic arm. The methodology for integrating multiple SMA
actuator estimators into a control system is addressed and used in the impedance
controller experiments.

In this chapter, the design of a 3-degree-of-freedom, SMA-actuated arm is dis-
cussed in §4.2. 8§4.2 also presents the design of a novel compliant actuator capable
of simultaneous control of antagonistic actuators. §4.3 discusses the simulation and
modeling of the SMA actuators, the compliant joint, and the robotic arm as a whole.
A formulation of an extended Kalman filter is described that addresses the unique
dynamics of the compliant joint. Controllers for actuator position and joint torque
are introduced in §4.4, alongside higher level impedance and position controllers. A
comparison is conducted between the proposed position controller and traditional an-
tagonistic control methods. Finally, the results of experimental tests and validation

of the proposed controllers are included in §4.6 with a brief conclusion in §4.7.

4.2 Arm Design

A new SMA-actuated arm design is introduced in this work to experimentally validate
the proposed controller. Unlike existing SMA-actuated arms, which integrate SMA
actuators within arm links [7, 26|, this design mounts all SMA actuators in a fixed
position within the base structure of the arm. This increases the available range of
motion of the arm without requiring multiple rollers to extend wire length. Previous

work has shown that using multiple rollers can significantly reduce the effective range



CHAPTER 4. IMPEDANCE CONTROL OF AN SMA-ACTUATED ROBOTIC ARM 50

of motion of SMA-actuated arms [26]. This has the additional benefit of maintaining
the SMA wires at a fixed angle, removing any changes in heat transfer coefficients
due to the angle of the arm links.

A set of stiff cables and rollers transfer joint torque from the actuators fixed in
the base to each individual joint. This strategy has been employed before in other
aerial manipulation projects to reduce the mass of the arm links [4], but not in
SMA-actuated works.

Frame and Wire / Rollers
Protectors

Drone
Components

Compliant
Joints

End-Effector

Figure 4.1: CAD model of the robotic arm showing link 1 (blue), link 2 (pink) and
link 3 (green), and future drone (red) components.



CHAPTER 4. IMPEDANCE CONTROL OF AN SMA-ACTUATED ROBOTIC ARM 51

4.2.1 Arm Structure

The structure of the arm, shown as a CAD model in Figure 4.1 and an image in Fig-
ure 4.2, is a 20 by 40 cm rectangular frame made from 0.25x0.5 in hollow aluminum
structural tubes (McMaster Carr #6546K47). The frame includes mounting points
for drone rotors, easily enabling the arm structure to also function as a drone frame,
as shown in Figure 4.1. This frame supports the SMA actuator mounting points,
the SMA actuator rollers, and the shaft for joint 1 of the robotic arm. The arm

links, each 25 cm long, are manufactured from three hollow carbon fiber tubes with

Figure 4.2: Image of the robotic arm and test stand
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Figure 4.3: Comparison between the measured operating spaces of the first (Chap-

ter 3, orange) and second (Chapter 4, blue) robotic arms.

a diameter of 0.485 in and wall thickness of 0.055 in (McMaster Carr #5287T614)
epoxied to 3D printed components at the tube ends. SMA actuators are located on
the frame itself, resulting in torque being transferred to joints 2 and 3 via a set of
rollers and stiff cables. Power is supplied to the actuators via a set of 6 MOSFETs
(supplied by LGDehome) with a maximum current of 15 A and a 12 V, 30 A AC-DC
power converter (supplied by Anbull). The amount of current sent to each actuator is
controlled by a PWM signal from an Arduino Mega, which also prevents overcurrent
draw from the power converter.

A preliminary comparison of the operating spaces, as measured by the maximum
angles each joint could reach by the encoders, was conducted between the arms devel-
oped in Chapter 3 and this chapter. This comparison, detailed in Figure 4.3, shows
that the improved arm design has a dramatically improved operating space. While

the range of motion of each joint matches a recoverable strain of 2.5% -3%, instead of
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the predicted 4%, it still results in an operating space larger than any SMA-actuated
arm. The reduction in recoverable strain is partially due to the deflection implied
by the compliant joint, which requires the SMA actuator to move over a larger angle
than the load component. Additionally, a stiffer joint would likely increase the range
of motion, as it would more easily apply the force required to stretch the SMA wire,

at the cost of sensing precision.

4.2.2 SMA Actuator Design

The developed SMA actuators are composed of multiple SMA wires in parallel to
increase the available torque of the actuator. Flexinol brand high-temperature (90°C)
wires with a diameter of 0.31 mm and length of 0.75 m were used. The wires span
the length of the frame to maximize the range of motion of the arm. A single roller
is used to reduce friction issues previously seen with multiple rollers in [26]. This
design allows for all actuators to remain stationary as the arm moves, simplifying the
structure and maintaining constant heat transfer parameters.

The moving ends of the SMA actuators are electrically connected in parallel and
mechanically connected to a stiff cable (McMaster Carr #3461T633), as shown in
Figure 4.4. The stiff cable attaches directly to the components of the compliant
actuator and makes the compliant actuators significantly thinner than if they had to
accommodate the full width of all SMA wires.

The full arm, including the frame, weighs less than a kilogram. The majority of
the mass is concentrated in the frame, metal shafts, and wire rollers. The SMA wires
themselves only constitute 7.2% of the arm mass, which is significantly less than if

DC or stepper motors were used. Table 4.1 lists the masses of each arm component.

4.2.3 Compliant Actuator Design

The arm is actuated by three custom-designed compliant joints, shown in Figure 4.5.
Each compliant joint includes two antagonistically arranged SMA actuators—one for
clockwise motion and another for counterclockwise motion. The SMA actuators are
separated from a central load component by a set of springs, as shown in Figure 4.5.
The load component is directly attached to the load cable that transfers torque to
the robotic arm joints. The structure of joint 1’s compliant actuator is fundamentally
the same, but has the load component mounted to the link itself.

These rotating components, which rotate on a shared shaft, are connected to

each other via a set of small compression springs. By including multiple compression
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Table 4.1: Summary of arm component masses

Component Mass (g) Mass (%)
Rollers 50.8 5.2
SMA Wires 70.0 7.2
Shafts 141.5 14.5
SMA Wire Guards 22.3 2.3
SMA Mounting Points 20.3 2.1
Aluminum Framing and Hardware 261.4 26.8
Link 1 Structure 50.8 5.2
Link 2 Structure 40.0 4.1
End-Effector 4.6 0.5
Stiff Cables 30.0 3.1
Stiff Cable Rollers 28.9 3.0
Compliant Joint 1 50.7 5.2
Compliant Joint 2 30.7 3.1
Compliant Joint 3 27.0 2.8
Encoders 148.7 15.2
Total 977.7 100

Table 4.2: Robotic arm and SMA actuator parameters

Parameter Joint 1 Joint 2 Joint 3
Wire Length (m) 0.75 0.75 0.75
Wire Diameter (mm) 0.31 0.31 0.31
Number of Wires 10 10 4
Wire Maximum Stress (MPa) 180 180 180
Actuator Mounting Radius (mm) 14.3 9.5 9.5
Calculated Maximum Torque (Nm) 1.8 1.2 0.3
Spring Coefficient (Nm/°) 0.36 0.24 0.06
Joint Damping Coefficient (°/s) 0.07 0.07 0.02
Calculated Range of Motion (°) 127.4 180 180
Measured Range of Motion (°) 92 121 106
Link Length (m) 0.25 0.25 0.05

o4
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springs along the circumference of a circle, the angular stiffness of the equivalent
spring they construct can be increased while keeping the assembly as small as possible.
Torsion springs would make the compliant actuator much wider, requiring a larger
arm link. The springs will be slightly angled when compressed, but the low angular
deflection of 5°maintains the compression springs within their linear range. This
assumption is verified by experimental results in §4.6. Actuator parameters (e.g., the
number and length of wires, actuator stiffness) are included in Table 4.2. The size
of the joint is further reduced by sizing holes to self-tap when bolts are tightened,
allowing components to connect without adding nuts or washers.

Figure 4.6 shows a exploded view of the compliant joint, color-coded to show
groups of components that rotate together. The joint angle encoder at the center
of the joint measures angle relative to magnet adhered to the shaft (yellow), and
the deflection encoders measure angles relative to magnets adhered to the clockwise
(green) and counterclockwise (red) components. The load component (blue) attaches
to the stiff torque transfer cable. This stiff cable transfers torque from the actuator
to the robotic arm joints, whose angles are measured by the joint angle encoder.
This work uses the HD High Resolution Kit produced by Pheonix America, which
includes the magnetic encoder with a resolution of 1500 pulses per revolution and

a target magnet with a bore diameter of 0.25 in. Resolution is improved to 6000

Rotating

SMA Wires Components

and Crimps

Ny

N

Stiff Cable /
Load Transfer

Electrical Connection
Components

Figure 4.4: CAD model of a single SMA actuator showing SMA wires (blue), stiff
cables (red), electrical connection components (yellow), and rotating components

(green)
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Figure 4.5: CAD model of the compliant joint highlighting the center and actuator
mounting components. The relative angles of clockwise (CW) (green) and counter-
clockwise (CCW) (red) SMA actuators are measured by encoders connected to the
central load component (blue). The joint angle is measured relative to a magnet
adhered to the shaft (yellow)

pulses per revolution (0.06 °per pulse) by counting both rising and falling edges of the
quadrature signal. These pulses are counted by an Arduino MEGA, which is reported
to the control computer at a rate of 10 Hz. The relatively low communication rate
is to ensure quadrature steps are not missed during serial communication, and is an
acceptable rate for SMA actuators whose actuation time is on the order of seconds.
The compliant actuator provides two significant benefits over traditional SMA
actuators. First, it provides a direct measurement of wire stress. Given the deflection
of each actuator, the known spring constant, and the geometric properties of the
actuator, a measured deflection can be directly translated to a measured wire stress

or joint torque. Second, it allows for more precise control of antagonistic actuators.
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Figure 4.6: Exploded view of the compliant joint color-coded to show co-rotating
components. The relative angles of clockwise (CW) (green) and counterclockwise
(CCW) (red) SMA actuators are measured by encoders connected to the central load
component (blue). The joint angle is measured relative to a magnet adhered to the
shaft (yellow)

Traditional antagonistic actuators use an “active” wire where voltage is applied, and
a “passive” wire where no voltage is applied. This method introduces several control
issues, including the introduction of slack in the passive wires, potential overstressing
of the wires, and delays when switching direction. The compliant joint eliminates
these problems entirely by replacing the “passive” wire with a second “active” wire
that targets a very small deflection. Maintaining both wires in tension completely
eliminates wire slack and the issues it introduces. Additionally, it prevents wire
overstress by measuring the stress directly—allowing for the system to be disabled if
an unsafe condition is approached. This simultaneous control strategy is discussed
further in §4.4.

4.3 Arm and Actuator Simulation

This section documents the simulation methods and mathematical models governing
the actuator-arm system that are used in the EKF stage of the high-level controller.
The equations governing the heat transfer and transformation of each SMA wire are

discussed, followed by a description of the equations defining the compliant joint.
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The forward and inverse kinematics of the arm are defined and applied in the full

simulation employing the EKF.

4.3.1 Wire Heat Transfer Model

The heat transfer of the wire is defined as a combination of Joule heating and con-
vective heat transfer to the air, as solved in [25]. It solves for the derivative of
temperature, dT/dt, from current wire temperature, T, ambient temperature, T,
applied voltage, V', wire surface area, A,,, the mass of the wire, m,,, the specific heat
capacity, c,, wire phase, £. The definitions of these equations are shown in Equa-
tions (4.1), (4.2), and (4.3) [25]. The final equation, Eq. (4.4) [25], solves for the

temperature derivative that is applied later in this work.
oo 4T V2
WP 4t R(&)

The heat transfer coefficient h(T) is calculated from the first and second-order
constants h, and hy in Eq. (4.2) [25].

- h(T)Aw<T - Tamb) (41)

W(T) = hy + hyT? (4.2)

Wire resistance R(&) is calculated assuming a linear transition from martensite

resistance R,, and austenitic resistance R, in Eq. (4.3) [25].
R(&) =Ryé + (1= &R, (4.3)

Eq. (4.1) is solved for the time derivative of temperature, ‘fi—r{, in Eq. (4.4).

2
d_T B % - h(T)Aw<T - Tumb)
dt MeyCpy

4.3.2 Wire Constitutive Model

This work uses the 1-dimensional constitutive model of an SMA wire for forward
and backwards transformation that is defined in Eq. (4.5) [93]. The martensite and
austenite transformation start temperatures, My and A, and end temperatures, M 7
and A £ define the beginning and end temperatures of each transformation direction,
at which wire phase & reaches &,; or £, at the completion of their transformation.
The constants a, = 1t/(Af — Ay), and ap; = /(Mg — M) simplify the phase trans-
formation equations, and by = —a,/Cy, and by; = —a,,/C,, define the effect of wire
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stress on transformation temperature, where C, and C,; are parameters defining the

relationship between wire stress, o, and temperature.

S (cos[an(T = Ag) +bao] +1) A+ & <T<A &

E=19,_ (4.5)
54 cosa,, (T = M) + b,0] + 524 if M, + E<T<Mi+&

The derivative of phase, &, is defined in Eq.(4.6) [93], by the partial derivatives
of Eq. (4.5). The partial derivative with respect to temperature T is defined in
Eq. (4.7) [93] and with respect to stress in Eq. (4.8) [93].

E=Ep(T,0)T + &,(T,0)6 (4.6)

M . 1 . o .0
—TSIH(CIA(T—AS—aO))aA lfA5<T—a<Af andT—a>0

Er(T,0)={_1=¢

1 6
Asin(aM(T—Mf—aa))aM ifo<T—£<Ms andT—%>O (4.7)

0, otherwise.

1 o .0
——&(T, fA. <T-—<A dT—-—>0
CAET( U) 1 s A fan A

1 L6
&(T,0) = -—&p(T,0) ifMy<T-— <M andT--2>0 (48
tm tm Cm

0, otherwise.

The wire constitutive model, shown in Eq. (4.9) [93], relates the derivatives of
temperature, T, stress, ¢, and strain, €, where ( is the phase transformation constant
defined by 2 = —Eg(, © is a thermal expansion coefficient of the wire, and E is the
Young’s Modulus of the wire, computed as E(§) = E4 + E(Ep; — E4), where E4 and

E,; are the Young’s Modulus of the wire at the austenite and martensite phase.

6 =FEé+ Qi+ 0T (4.9)

The actuator kinematics and fixed wire mounting radius define the strain of the
wire, €, from the angle of the actuator component in degrees, 0,, by the constant

actuator mounting radius, 7, and the initial wire length, L,,, in Eq. (4.10) [93].
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r
- 0
€~ 180L,

(4.10)

4.3.3 Compliant Joint Kinematics

The compliant joint mechanically connects three coaxial components through two
sets of springs, as discussed in §4.2.3. Each joint measures three angles—the two
deflection angles ¢ and ¢ and the center load component angle 6,. The
compliant joint torques are modeled as a set of kinematic equations and ignore the
very small inertia of the SMA actuator itself, which is orders of magnitude smaller
than that of the load component. The model of the SMA wires is used to solve for
the actuator component angles, 8,, which is solved for each joint n in Eq. (4.11). The
robotic arm dynamics model solves for link angles, q, which are then solved to obtain

load component angles, 6.

O n+ Pcwn  if clockwise

Opn = (4.11)
0. n— Pccwn if counterclockwise

4.3.4 Forward Kinematics

The forward kinematics of the arm define the position of the tip of the end-effector,
[XEE YEE]» as well as its orientation relative to the base plane, ggg. The locations
of the encoders at the base of the arm and pulleys connecting them requires a trasfor-

mation from measured encoder angles, 6., to relative link angles, q, in Eq. (4.12).

q1 0.1 —90°
ga| = Oco (4.12)
qs O3 — Oco

To simplify the notation in the following equations, the cosine and sine of joint
angle n will be defined as ¢,, and s,, respectively. If the sum of two angles is used, the
joint angles will be displayed in sequence (e.g., the cosine of g; + g5 is represented as
Cio-

XEE Licy + Lacyp + Lacyag
P = |Ypp | = | L1514 Los1p + Lys1a3 (4.13)

qdEE d123
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4.3.5 Inverse Kinematics

Beginning from the desired end-effector position and orientation, P, wrist position,
[Px Py], is calculated in Eq. (4.14) from the desired end-effector orientation, ggp,

as measured relative to the horizontal axis of the base.

P

Py

X

(4.14)

Xpg — L3 COS(qEE)]

Y — L3 cos(qgg)
The angle of joint 2 is determined from the triangle formed by the base joint

and wrist position. An elbow-down configuration is always selected due to the range

constraints on the joints, as shown in Eq. (4.15).

P+ Py —L7-L3
gy = arccos( oL, ) (4.15)
The angle of joint 1 is then calculated in Eq. (4.16) using:
P
y : q2
— sncan{ 2] rctan Lsin (2 "
g, = arc an(Px) arctan (L, sin LT Lycy) (4.16)

Finally, the angle of joint 3 is determined in Eq. (4.17) to satisfy the orientation

constraint.

93 =qee — 91 — 92 (4.17)

4.3.6 Forward Dynamics

The forward dynamics of the arm determine the acceleration of each joint when
provided joint torques, velocities, positions, and end-effector forces. The acceleration,
4(k), is defined in Eq. (4.18) [67], where C(q(k), q(k)) represents the centrifugal and
coriolis matrix, G(q(k)) represents the torque due to gravity, and 7(k) represents

applied joint torque. This equation is solved at each simulation timestep index, k.

(k) = M(a(k)™ (k) - Cla(k), (k) a(k) - Gla(k))) (4.18)

In the simulation of the arm, a forward Euler approximation is used in Eqgs. (4.19)
and (4.20) to calculate the simulated joint angular velocity, q, and position, q, based

on timestep duration, t;.

a(k) = a(k — 1) + dt, (4.19)
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q(k) = q(k - 1) + qt, (4.20)

The gravity compensation matrix, G(q(k)) calculates the joint torques required
to maintain the arm in static equilibrium with link lengths, L,,, which assume masses
concentrated at distance along the link, [_,,. The inertia matrix M and coriolis/centrifugal
matrix C(q(k), q(k)), are defined as Eqgs. (1) and (2) in Appendix A.

lymycy + (Ly + lg)mycyg + (Ly + Ly + [3)m3cy93

G(g(k) =g leotigCg + (Lo + L) mscyog (4.21)

legmscyag

Then, the net torques applied by the compliant actuators, 7,,;, are modeled by
the sum of the two spring torques with spring coefficients, K, and damping forces
with coefficients, B, as shown in Eq. (4.22). Damping coefficients were approximated
by running simulations of the arm with varying coefficients, then selecting the values
that resulted in both stable simulations and matched experimental results. A more
thorough investigation of damping coefficients may improve results, as would a more
complex friction model. However, the high torque and low angular velocity of the
arm joints reduce the impact of errors in friction modeling on the EKF performance.

The approximated values of B are included in Eq. (4.23).

Tuet = K(Pcw — dccw) — B (4.22)

B =10.07 0.07 0.02 (4.23)

4.3.7 Extended Kalman Filter

An extended Kalman filter (EKF) is a statistical method that combines nonlinear
system models with experimental data to provide an estimated state. An amount
of uncertainty, represented by a Gaussian distribution, is included in the estimated
and measured states. This filter is often used in applications where there is high
model uncertainty or sensor noise. The extended Kalman filter handles the nonlinear
system model by linearizing it about the current state at each timestep. Not all system

states need to be measured for the EKF to provide estimates for each state, so long as
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they are observable. Other filtering methods, such as the unscented or particle filter,
function similarly but do not require functions to be differentiable [94]. However, they
require increased computational resources and require more complex tuning. In this
work, an EKF was used given its simplicity and the high computational requirements
for modeling the actuator and arm system.

Several simplification steps were conducted to model the SMA-actuated robotic
arm system. While an EKF could theoretically be designed to accommodate the
nonlinear behaviour of the robotic arm and its interactions with each actuator, such
a system would have a very large number of state variables, dramatically increasing
the simulation complexity and computation requirements. Existing SMA-based EKF
simulations [16]| simplify this problem by considering stress as a variable defined by
the dynamics of the robotic arm. However, this cannot be applied to antagonistic con-
figurations, which introduce an additional variable to be resolved. Additionally, this
would require an accurate model of the inverse dynamics of a multi-degree-of-freedom
robotic arm as opposed to the simple spring-mass-damper systems EKFs have been
applied to thus far.

This work simplifies the system first by giving each actuator a separate estimator
that is then mathematically linearized through a simulation of the forward dynamics
of the robotic arm. Each estimator considers the angle of the center load component
of the compliant actuator to be a system input. Additionally, a switching behaviour
defined in §4.3.2 is added to ensure the model reflects the changing direction of wire
transformation. Thus, the Jacobian of the system state update function is changed at
each timestep to match the wire transformation direction. The goal of implementing
the EKF to this control system is to provide a better estimate for joint deflection
angles than can be provided by the encoder, which is limited by its resolution. While
a low-pass filter could effectively filter out encoder noise, the EKF also provides insight
into states of the system that cannot be easily measured.

The state vector, x, is defined as the actuator wire’s stress, temperature, phase,
and actuator angle. For the remainder of §4.3.7, the subscript n defining the joint
number of the actuator is omitted for clarity, as all variables in this section share the
same joint number.

x=lo 7 ¢ 0,

The input vector, u, is simply the voltage supplied by the low-level controller in
§4.4.1, V, squared in Eq. (4.24).

u=V? (4.24)
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At each timestep, the EKF calculates the estimated state, X, from the previ-
ous state and input vector through the state transition function, f, as defined in
Eq. (4.25) [94].

Rie—1 = [ (Re1, W) (4.25)

The state transition function, f, updates each state at a rate of 100 Hz using the
derivative of the state matrix, dx;_;, which is defined in matrix form in Eq. (4.28).
The wire stress derivative is defined in Eq. (4.9), the wire phase derivative is defined
in Eq. (4.6), and the temperature derivative is defined in Eq. (4.4). The derivative of
the joint angle is calculated from the relationship of the spring deflection and stress,
defining it to be a ratio of the wire cross-sectional area, mounting radius, number of
wires, and angular spring coefficient. The motion of the central component is treated
as a system input, as shown in Eq. (4.26). To represent the difference in definitions

for 0, for clockwise and counterclockwise actuators, Eqs. (4.28) and (4.30) include a

sign term S, where S = 1 for a clockwise actuator and S = —1 for a counterclockwise
actuator.
. Oc + daw;Nw it clockwise
0,=1. LN (4.26)
Oc — o if counterclockwise
. . T
dx,_| — [o— T g ea] (4.27)
Enr .
0 © Q TSOL_ G
0 0 0 0 T
dx, | = | +b (4.28)
0 Er(T,o) 0 &,(T,0)|]|¢&
N .
Bl -1 |6,
0
V2/R=1(T) Ay, (T=T,p)
b= M (4.29)
0
Oc

This equation can be rearranged to the form Adx = b as below, and can then be
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solved for dx in the form dx = A~!b.

E .
-1 © Q 18(7)-[[:,, 0
0 —1 0 0 T
=0 (4.30)
0 Er(T,0) =1 &,(T,0) ;
§lutle g o -1 |6,

While only T and & directly include state variables, ¢ and éa are functions of T and
&, and therefore are also functions of state variables. The structure of the Jacobian,
F,, of the state transition function, f, is shown in Eq. (4.31). Individual elements of

the Jacobian are solved symbolically and are shown in Appendix B.

Jiu Ji2 00
0 00
F, = Jo2 (4.31)
Js1 Jz2 0 0
Jun Ji2 0 0O

The predicted covariance estimate Py_; is defined by the state transition ma-
trix, F;, previous covariance estimate, and process covariance, Q;_;, as shown in

Eq. (4.32) [94].

Prk-1 = FProyp1 FL + Qg (4.32)

In the update phase, the residual covariance, Sy, is calculated from the observation
matrix Jacobian, Hy, and measurement covariance, Ry, in Eq. (4.33) [94]. In this case,

the measurement matrix, h(Xyj_1), is defined as

0 001
h(ﬁk|k—1) - 1 0 0 O
0010
Sk - HkPk|k—1H;{r —|— Rk (433)

The measurement matrix, z;, is defined as the observable or calculable states of
the system. In this case, since actuator angle and stress are both directly measured,
the wire phase can also be measured indirectly.

Wire stress is estimated as:
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K it clockwise
5 — | Kbew (4.34)
K¢cew  if counterclockwise
The total wire strain €, is calculated from the joint kinematics in Eq. (4.10) (pre-
sented again below) and then separated into the reversible SMA wire transformation

strain €, and elastic wire strain €, in Egs. (4.35) and (4.36).

Tr
€= Tgor %
€, = % (4.35)
T K
—0,—— — = 4.36
et Ga 180L Qb E ( )

Finally, given the maximum wire strain €,, and the phase to transformation strain
relationship, the phase of the wire can be indirectly measured using in Eq. (4.37).

This provides the final observation matrix in Eq. (4.38).

r K
=0 - 4.37
£="b 180Le,, (PEem (437)
Ko T
0
2, = (4.38)

r _ K
611 180Le,, an Ee,,
0

a

The innovation residual, §;, and Kalman gain, K;, are defined by Eqgs. (4.39) [94]
and (4.40) [94].

Ve = 2 — h(Rypp—1) (4.39)

K; =Py HIS' (4.40)

The last step of the filter updates the state and covariance estimates for timestep
k using the identity matrix Iin Eqgs. (4.41) [94] and (4.42) [94].

Xk = Xipe-1 + Kie¥e (4.41)
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Pri—1 = (I = KeH )Py (4.42)

4.3.8 Path Planning

The path planning algorithm is used during position and orientation tracking tests.
Given a series of waypoints, W, defined by end-effector X-positions, X,,, Y-positions,

Y, end-effector angle, O ,,, and time, t,, a set of desired joint angles are determined

w

using the following method. Each waypoint is defined by an end-effector X and

Y-position, orientation, and time in equation (4.43).

Joint positions, q, for each waypoint are calculated using the inverse kinematics
algorithm described in §4.3.5 from the end-effector position and orientation defined
by the waypoint. Then, a minimum-jerk trajectory is generated to determine the
intermediate joint angles between each waypoint. For each segment of the path be-
tween two waypoints, N and N + 1, time is normalized between starting time ¢ f and
ending time t;, to normalized time y in equation (4.44).

t—t,
= T,Where A=tr—tg (4.44)
On each segment, a minimum-jerk trajectory is applied to each joint. The mini-

mum jerk trajectory is defined in Equation (4.45) [67].
s(y) = 10y3 - 1591 + 6y° (4.45)

The first and second derivatives of this trajectory with respect to time are defined
in Equations (4.46) and (4.47).

_ 3092 — 6093 + 30y%
(y) = ————— (4.46)

. 60y — 180y2 + 120y
5(y) = - (4.47)

To create the final joint space paths and their derivatives, s(y), $(y), and §(y) are

multiplied by q(N 4 1) —q(N) to project the minimum jerk trajectory to the desired

joint ranges.
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4.4 Arm and Actuator Control

This section outlines the three modes of control used to test the robotic arm per-
formance: two that rely on the compliant joint and one that is commonly used in
the literature as a method of comparison. A total of four controllers are introduced.
The low-level position control tracks the desired deflection of a single SMA actuator.
The mid-level controller feeds a desired deflection to the clockwise and counterclock-
wise actuators that is calculated from a desired joint torque. Finally, two high-level
controllers are defined, both of which provide desired joint torques to each of the
three joints. The high-level position controller determines this torque using a PID
controller, while the high-level impedance controller determines the desired torque
based on the impedance controller constants. The structure of the impedance control
system is shown in Fig. 4.7 and the position control system is shown in Fig. 4.8.
Finally, a common antagonistic controller is defined in order to compare it against

the multi-level position controller.

4.4.1 Low-Level Actuator Position Control

Low-level control of each actuator seeks to drive the measured deflection of each half of
the compliant joint, ¢,,, to a desired angle, ¢, by applying a voltage V to each wire.
The maximum voltage applied by this controller is limited to prevent overheating and
damaging the wire. The applied voltage is determined using a PID controller defined

in Eq. (4.48) with proportional gains, K, integral gains, K;, and derivative gains,

Path Planning and Sensors and
Kinematics Controller Actuators
| Desired Waypoints | 014 High-Level 0; Joint Position
W =[X,Y,0p] Impedance Controller Encoders
X 7 l i — R3
| Inverse Kinematics |
Mid-Level
W = [04,0,,03] Torque Controllers
L 6
Minimum Jerk l 940 = R
Trajectory Low Level Our ke Oam| | Actuator Deflection
Generation Position Controllers Encoders
|
| v = ro SMA

Actuators

Figure 4.7: Arm control structure for impedance control showing the interaction
between path planning, controller, and sensor and actuator components
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Path Planning and Sensors and
Kinematics Controller Actuators
| e | 01q High-Level 6, Joint Position
WX ¥ d.] Position Controller Encoders
= > l Tqg — RS
| Inverse Kinematics | -
Mid-Level
W = [04,0,,05] Torque Controllers
s 6
Minimum Jerk l 040 = R
Trajectory Low Level Oam || Actuator Deflection
Generation Position Controllers Encoders
V = RS SMA

Actuators

Figure 4.8: Arm control structure for path following position control showing the
interaction between path planning, controller, and sensor and actuator components

K,, where
k

V= Kp<¢d - ¢m) + K; Z(d)d(l) - ¢m<1)) + qu.bm (448>

i=1

and gbm is approximated in Eq. (4.49) at timestep k as:

d)m _ ¢m<k) _t(pm(k B 1) (449>

Controller gains for the low-level controller are:

:
K, = [22 22 22]

T
K; = [0.025 0.025 0.025]

;
Kd:[2 2 2]

If the low-level controller is being used for the impedance controller, the EKF
described in §4.3.7 replaces the measured deflections ¢,, in the above equations with
the estimated deflection ¢,, which is defined by the difference between the center

component angle, 8., and actuator angle, 8,, in Eq. (4.50).

¢e = |<06 - ga)l (4'5())

Similar to the work in Chapter 3, the hysteresis of the SMA wire is managed

by the feedback control of the low-level controller. Feedback control has been used
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without a hysteresis model to effectively manage the errors introduced by hysteresis
in previous works [6, 7|. This work similarly observed low errors in the experimental

results to be discussed in §4.6.

4.4.2 Mid-Level Joint Torque Control

The compliant joint allows for two extensions of traditional SMA wire control. First,
it allows for easy control of both wires simultaneously. In a stiff, antagonistic actuator,
only the net torque provided by the two actuators can be measured. The deflection
of each half of the actuator provides a simple measurement of wire strain and stress,
allowing for measurements to be used in individual controllers. Second, the springs
within the joint transform wire stress control, normally a complex task requiring
simulation, into simple position control, which is much more easily achieved. The
decomposition of torque control into separate position controllers is defined in the
following equations.

To keep both wires active, a minimum desired deflection angle is defined as ¢,,,;,,-
For a positive desired torque 7., ,, the desired deflections for the clockwise and

counterclockwise actuators are defined in Eq. (4.51) by:

¢min .
Temd if Tcmd,n 20
| K, + (Pmin_
(PCW,?I — 4 (451)
(PCCW.n 'T . ]
Ci + .
Ko Pmin| Temdn <0
quin

The addition of the secondary wire controller targeting a deflection of ¢,,;, is a
simple method of preventing wire slack from occurring while ensuring that wires are
not overstressed. For joint 7, the measured joint torque used to evaluate the efficicey
of the following controllers is defined by Eq. (4.52).

Ty = Kn(¢CW,n - (Z)CCW,n) (4'52>

4.4.3 High-Level Position Control

One mode of operation of the arm is position and orientation control of the end-effector,
which follows a path defined by the path planning algorithm. This mode uses a

high-level PID controller to drive the measured joint angle, ¢,,, to a desired joint
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angle, ;. The controller output is the desired joint torque, which is fed into the mid-
and low-level controllers defined previously to determine the voltage applied to each
actuator. The desired torque of the controller is determined based on proportional

gain, K., integral gain,Kj,, and derivative gain, Kg,, and is described in Eq. (4.53).

pg’ 1g’

k
T =K (a4 — ) + Kjg Z;,(qd(i) — qp (1)) + Kgglly, (4.53)

i
This method of control has several advantages when compared to traditional an-
tagonistic SMA control methods. First, this multi-level control method eliminates
slack from the wires. Since each actuator is tasked with maintaining a minimum
deflection, neither actuator’s wires slacken. This eliminates the potential for a slack
wire to short-circuit with another actuator. Second, by maintaining the minimum de-
flection, each actuator is kept within the wire’s range of transformation temperatures
at all times. This dramatically reduces the delay imposed by traditional antagonistic
actuators when changing directions by removing the time the wire takes to heat from

room temperature to its transformation temperature.

4.4.4 Joint Space Impedance Controller

Impedance control is a method that combines position and torque control into a
single controller. A virtual spring/damper is applied to each joint of the robotic
arm, which determines a desired joint torque. This results in compliant behaviour,
as the arm allows itself to be moved in a predetermined, controlled manner when
external forces are applied. The commanded joint torque is calculated from the virtual
spring coefficients, k, damping coefficients 3, and gravity compensation torque G as
described in equation (4.54) [67]. Inertial terms are omitted due to the relatively low

acceleration of the SMA-actuated arm.

Temd = ’('"(qd - qm) + ﬁ(Qd - Qm) + G (4'54)

To prevent wire overstress, a torque limit, 7, is defined. At every timestep k,
Eq. (4.55) limits the commanded torque to a predefined limit based on a wire stress
of 180 MPa.

Temdn = ' ) ’ ’ (4.55)



CHAPTER 4. IMPEDANCE CONTROL OF AN SMA-ACTUATED ROBOTIC ARM 72

4.4.5 Antagonistic Control

Traditional antagonistic SMA actuator control methods are used in this paper as a
method of comparison. This controller alternates the active wire between the clock-
wise and counterclockwise actuators. With this method, the low-level controller is
disabled, and actuator voltages are applied based only on joint error. The PID con-

troller with gains K ,, K;,, and K, is described in Eq. (4.56).

pa> Mao

S

V= Kpa(qd - qm) + Kia Z(qd(l) - qm(l>) + Kdan (456>
i=1

Antagonistic behaviour is achieved through a switching behaviour that applies voltage

to only one actuator per joint at a time. This behaviour is mathematically described
in Eq. (4.57).

1%

ifV=>0
0
V L .

Wl =3 (4.57)

Vccw [
0

if V<0
1%

4.5 Experimental Design

This section defines the tests used to evaluate the performance of each controller and

to validate the torque measurement of the compliant joints.

4.5.1 Test 1: Low-Level Controller Step Responses

First, the performance of the low-level actuator position controller is evaluated. The
low-level controller drives the angular deflection of a single joint to a desired angle.
To prevent the arm from moving during the test, the joint’s load component is held at
an angle of 0° using a stiff wire. Then, a series of step responses are provided as target
angles with a magnitude of 1° spaced 5 s apart, with an additional 5 seconds added
to the first step to allow the wire to warm from room temperature. The controller
performance is evaluated by the steady-state angular error, with results shown in
Figure 4.9.
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4.5.2 Test 2: Mid-Level Controller Torque Tracking

Second, the performance of the mid-level joint torque controller is evaluated by pro-
viding a sinusoidal target torque. The sinusoidal path has a period of 20 s and
amplitude of 1.2 Nm, with an offset of 0.15 Nm. The controller is evaluated based
on the root-mean-square-error (RMSE) of torque error, which is determined from the
joint deflection as measured by the encoder. The low deflection angles (< 5°) allow
for a linear relationship between deflection and torque to be used. The results of the

joint 1 torque tracking are discussed and displayed in Figure 4.10.

4.5.3 Test 3: Torque Measurement Validation

To ensure that the measured joint torque matches the actual torque applied to it, a
series of static tests were conducted. For each test, the joint is commanded to apply
a torque equal to the torque that would be applied by a mass after compensating for
the arm’s own mass. Then, once the arm reached a steady-state angle as expected,
the torque measured by the joint is recorded. The measured torques are tared by
the measured torque with no mass to account for static friction. Tests were repeated

with masses in increments of 100 g up to 400 g, as shown in Figure 4.11.

4.5.4 Test 4: High-Level Position Control and Comparison

A comparison is conducted between the proposed multi-level position controller and
traditional antagonistic control methods. A sinusoidal target path is provided for the
first arm joint with an amplitude of 35° and period of 20 s. Each controller is then
instructed to follow this desired path, and their performances are evaluated on their

RMSE, maximum error, and the time each requires to reach the desired path.

4.5.5 Test 5: End-Effector Position and Orientation Tracking

The high-level position and orientation controller is evaluated in a path-tracking test.
Starting and ending waypoints are provided, and the end-effector position and orien-
tation errors are measured at each timestep. The controller is then evaluated based

on the RMSE of the end-effector position and orientation.
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4.5.6 Test 6: Impedance Control

Finally, the impedance controller testing is completed. A step response is pro-
vided to the desired joint angles and the arm is allowed to move with no exter-
nal forces. The step response is provided to move the end-effector to the point
X =02 m, Y=-03m, ggg = —90° with gains k = [0.1 0.1 O.OQ]T and

B = [0.04 0.04 O.OOB]T. The steady-state error is then measured once the arm
motion is completed. Then, at 25 s, a force is manually applied to the end-effector
by pushing the end-effector to a new point to provide a deflection to each joint angle.
The controller’s response to the applied force is measured by the RMSE between the

controller’s target and measured torque, and EKF internal states are recorded.

4.6 Results and Discussion

This section documents a series of tests measuring the performance of each level
of the controller. First, the low-level actuator position controller is evaluated, fol-
lowed by the mid-level torque controller. The measured torque is then validated
in a series of tests using a static mass. Then, a comparison between the proposed
multi-level controller and traditional antagonistic controllers is performed. Finally,

the full impedance controller is tested and its performance is evaluated.

4.6.1 Low-Level Actuator Position Control

First, the efficacy of the low-level controller is evaluated through a series of step re-
sponse tests. The low-level controller seeks to drive the relative angle of one actuator
of the compliant joint to a desired position. For these tests, joint 1 is mechanically
fixed in position so that only the joint deflection changes. Figure 4.9 shows the
low-level controller applied to a series of sequential step responses, each increasing
or decreasing the target angle by 1°. PID gains were determined by manual tuning
based on experimental results. The position controller demonstrated excellent perfor-
mance with an average steady-state error of 0.017° and maximum steady-state error
of 0.04° across all step responses between 1 and 4°, which approaches the encoder
resolution of 0.02°. Larger steady-state errors were observed at lower deflection an-
gles, which are avoided in future experiments by the introduction of the minimum

deflection target.
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Figure 4.9: Low-level controller step responses for Kp =22, K, =0.025, K; =2

4.6.2 Mid-Level Joint Torque Control

The mid-level controller for each joint tracks a desired joint torque over time. To
measure the torque tracking ability of the controller, a sinusoidal target torque is
provided to joint 1 at an angle of 0°, as shown in Figure 4.10. The root-mean-square
error (RMSE) of target torque is calculated from the encoder deflection over one full
cycle of the sinusoidal path and was measured to be 0.04 Nm, or only 2.3 % of the
joint’s maximum torque. The highest errors occur at the start of the test and when
switching directions. The initial joint error occurs because of the imprecise starting
procedure, which targets a small actuator deflection to preheat the wires. The error
observed when the joint changes direction is due to the delay created by the integral
term of the low-level controller. A smaller integral gain could reduce this effect, but
would also increase error during the rest of the test. Preheating the wires would
also improve the behaviour of the tracking during the early stages of the test. While

a comparison with other SMA-actuated torque controllers is not feasible given the
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wide ranges of applied torque, this performance meets expectations given the system’s
relatively low sensing resolution of 0.016 Nm.

The torque measurements of the joint are validated in a series of static mea-
surement tests. Across all tests, the arm maintained its desired holding position of
45° with less than 0.1° error, demonstrating that the gravity compensation term prop-
erly accounts for the mass of the arm. With the arm’s position kept constant, the
measured torques and the measurement residuals with error bars are recorded and
plotted in Fig. 4.11. A line with a slope of 1 is plotted to compare measured data to
ideal measurements. The low measurement errors support the previous assumption

that a linear spring approximation is valid.

4.6.3 High-Level Position Control

The proposed multi-level control method described in §4.4.3 is compared to traditional
SMA antagonistic control methods, described in §4.4.5. A full cycle of a sinusoidal
path with a period of 20 s is provided as a target joint position for each controller.
The comparison between these two methods of control is shown in Figure 4.12 and
an evaluation of their performance is described in Table 4.3.

The multi-level controller resulted in a 3-fold reduction in angular position error
when compared to traditional antagonistic control, and exhibited less lag from the
signal input. Both controllers experienced a larger error between 7.5 and 10 s as
the joint approaches its maximum angle, where more force is required to reach. The
multi-level controller’s starting error of 2.3° is due to the controller’s starting sequence
(not shown), which keeps both actuators in tension but does not use feedback control
to maintain a desired angle. Despite this initial error, the multi-level controller crosses
the target path and begins small oscillations within 2.8 s, while the antagonistic
controller takes a full 7.5 s. Similarly, the multi-level controller reaches the target
path within 1.8 s after changing direction, while the antagonistic controller requires

3.9 s. In summary, the proposed controller performed significantly better than the

Table 4.3: Evaluation of Multi-Level and Antagonistic Position Controllers

Measurement Multi-Level ~ Antagonistic
Controller Controller

Root-Mean-Square Error (°) 1.7 6.3

Maximum Error (°) 3.9 20.6

Time to Bounded Tracking Error (s) 2.8 7.5
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Figure 4.12: Multi-level (blue) and antagonistic (green) controller comparison for a
sinusoidal path-following test.

antagonistic controller when measured by RMSE and time to reach the desired path
when starting or switching directions. A summary of these metrics is included in
Table 4.3.

For demonstration, the multi-level position controller is used in an end-effector
path-following test using the path-planning algorithm described in §4.3.8. The results
of this experiment are shown in Fig. 4.13 and summarized in Table 4.4. While the
measured errors are larger than those in a previous work by the authors in [26], they
are similar to those in other SMA-actuated robotic arms [7]. However, larger errors
are expected given the larger workspace and faster motion of the end-effector in this

experiment.
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Figure 4.13: End-effector (EE) position and orientation tracking results provided a

path across the arm’s workspace.

Table 4.4: End-Effector Position and Orientation Tracking Results

Measurement Position (cm) Orientation (°)
Root-Mean-Square Error 1.3 2.5

Maximum Error 4.7 7.7
Steady-State Error 0.36 0

4.6.4 High-Level Impedance Control

The high-level impedance control seeks to achieve compliant behaviour in the robotic
arm by determining a desired joint torque from that joint’s angular position and
velocity. While an arm with an impedance controller will push more strongly the
further it is from its target, the amount it “pushes” is controlled and limited, unlike
the behaviour of a PID controller.

The results of testing the joint space impedance controller are shown in Fig-
ure 4.14. While the controller shows some steady-state position error, this is ex-

pected given the relatively low gains used and lack of an integral correction term in
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Figure 4.14: Joint space impedance controller results displaying joint angles (top row)

and joint torques (bottom row). A disturbance is manually applied at 25 seconds.

Table 4.5: Impedance Controller Steady-State Torque Errors

Measurement

Joint 1 Joint 2 Joint 3

Steady-State Torque Error (Nm)
Steady-State Torque Error (% of maximum)

0.013
0.8

0.034
2.1

0.002
0.0

impedance controllers. At around 25 s, the end-effector is manually moved to a new

setpoint, resulting in a corresponding increase in desired joint torques. The controller

shows excellent adjustment to the applied force, reaching a new steady-state torque

for each joint in roughly three seconds. This is remarkably fast for the chosen SMA
wire, which requires at least 6 seconds to cool and transform. These results highlight
the advantage of the compliant actuator, which allows for one actuator to quickly
heat before the other has finished cooling. The steady-state torque error is also ex-
tremely low for an SMA-actuated system, as summarized in Table 4.5. For joint 3,
the steady-state error is too small for the sensor resolution to detect. Note that the

step provided in target position necessarily results in unreachable target torques for

the first few seconds of the experiment.
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4.6.5 EKF Results

The measurable EKF states: wire stress and phase, alongside actuator angle, are
shown during the impedance controller test in Figure 4.15. For brevity, only results
for the clockwise and counterclockwise actuators within joint 2 are displayed given the
high number of states represented by all six estimators. The results show that noise
in angular measurements are correctly propagated to estimates of stress and phase.

Additionally, it is shown that one wire contracts and one extends, as represented by
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Figure 4.15: Plots of estimated wire stress and phase, and actuator angle for joint 2
during the impedance control tests. Error plots display the difference between esti-
mated and measured states.
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the diverging phase plots in Fig. 4.15.

While tests of the impedance control that used direct measurements of wire stress
performed very similarly to those using estimated stress, more complex controllers
or future works with noisier sensors would likely benefit further from the proposed
EKF formulation. Few direct conclusions of the efficacy of the EKF can be made
at this time, but it serves as a practical and useful extension of existing SMA state

estimation projects.

4.7 Conclusion

In this chapter, a novel control strategy for an SMA-actuated robotic arm is intro-
duced. Compliant joints are integrated into a 3-DOF, 6-actuator robotic arm. These
compliant joints allow for simultaneous control of both the clockwise and counter-
clockwise actuators and provide a direct measurement of applied joint torque. A
multi-level controller is designed that controls both wires to eliminate wire slack and
maintain wires in a pre-heated state, resulting in improved position tracking per-
formance when compared to traditional antagonistic control. Performance could be
further improved through an investigation and optimization of the heat transfer of
wires within the SMA bundle. Additionally, a framework for implementing an EKF
for each actuator with the simulated dynamics of the robotic arm is introduced and
applied to a high-level impedance controller. While the addition of the EKF did not
substantially improve controller results, it serves as a demonstration of experimen-
tally integrating state estimation techniques into complex, SMA-actuated systems.
The final result is a robotic arm actuated by SMA wires that is capable of interacting
compliantly with its environment, a capability that has not been demonstrated in ex-
isting works. This behaviour allows the robotic arm to interact with its environment
in a controlled and predictable manner, which is ideal for delicate aerial manipulation
tasks. Future work could implement temperature sensing strategies to further verify
the EKF performance, or extend the joint-space impedance controller to a task-space

controller.



Chapter 5
Conclusion

In this thesis, an SMA-actuated robotic arm was developed that makes two key
contributions to SMA-actuated robotics.

First, two SMA-actuated arm designs with improved strength, range, and degrees
of freedom are introduced. The first arm was designed using multiple rollers to
increase the length of the SMA wires within the confines of the arm link. The forces
applied by these actuators were calculated and used for topology optimization of the
two arm links, which resulted in a mass reduction of 661.3 g. The resulting arm has
a mass of only 546.3 g, 399 g of which comprises the mechanical structure of the arm.
The arm was able to manipulate a mass of 300 g, roughly, three quarters the mass
of the arm itself. The combined mass of the arm, electronics, and 300 g payload of
846.3 g is well within the payload capacity of small to medium sized drones. The
second design integrates SMA actuators within the arm frame instead of within the
arm links, keeping the wires at a static angle. This design has a heavier base, but
significantly less inertia in the arm links. A novel compliant joint design is introduced
that couples each actuator to the robotic arm by a set of springs, providing mechanical
compliance as well as allowing for the introduction of new controllers.

Second, a novel bidirectional position controller is introduced and applied to an
impedance controller. This controller achieves a desired joint torque by determining
the required deflections between each actuator and the load component. This allows
for both the clockwise and counterclockwise actuators to maintain tension at all times,
significantly improving position tracking control while providing direct measurements
of joint torque. These joint torque measurements were used in the first experimentally
achieved impedance control of an SMA-actuated robotic arm.

Third, an extended Kalman filter is implemented into the controller, providing

an estimated state for each wire’s stress, phase, temperature, and angle. A novel

83
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formulation of the EKF state transition function is developed to account for the
external dynamics of the robotic arm and the influence of each actuator on the others.
The EKF was found to accurately track the measured states and the modeled sensor
noise did not measurably impact the controller’s performance. The low impact of the
EKF indicates that a simpler filter, such as a low pass filter, may be sufficient for
impedance control tasks.

This work highlights multiple opportunities for future research in SMA-actuated
robotic arm control. It has shown that the application of SMA actuators to robotic
systems, in some cases, results in significant reductions in the recoverable strain of
antagonistic actuators. These results suggest that a further study on the effect of
roller radius, number, and material would improve the capacity and reliability of
SMA-actuated systems. A general model of strain reduction over rollers would make
these systems more robust and would increase the fidelity of SMA actuator simula-
tions. Further studies could also investigate the performance degradation of the SMA
actuator in an applied setting, where the effect of varying cyclical loading as the arm
moves throughout its workspace could be observed in a practical environment.

The simultaneous control of antagonistic SMA actuators, as enabled by the com-
pliant joint, could be expanded in many ways. Speed could be improved using a
temperature model and dynamic control of the maximum current, rather than a sin-
gle safe current. Additionally, further experiments using different, or time-varying,
minimum deflection angles, could further improve torque tracking control.

Several avenues for high-level SMA-actuated arm control are also identified. The
joint space impedance controller could be extended to a task-space impedance or
admittance controller, further improving the arm’s ability to interact with its envi-
ronment. Additionally, the increased range and payload make it capable of experi-
mental validation of drone-arm control systems tailored to the unique dynamics of
SMA actuators.

The arm’s high payload-to-mass ratio makes it an excellent candidate for future
aerial manipulation tasks. Its increased range and payload when compared to existing
SMA-actuated robotic arms make it the first capable of using gripper manipulators,
simple tools, or sensor payloads. By reducing the mass of the manipulator while main-
taining a large payload, larger and more complex end-effectors can be used without
sacrificing flight time or requiring a larger drone frame.

This improved performance makes the developed arms suitable for construction
and inspection tasks that are being explored for motor-driven aerial manipulators.

The arm’s low mass would result in improved performance when used as an aerial
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manipulator, decreasing power consumption and required drone size. This is key to
expanding aerial manipulation to confined spaces, indoors, or near workers where

safety must be emphasized.
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Appendix A: Arm Dynamics Matrix

Definitions

This appendix defines the robot arm inertia matrix M and the Coriolis/centrifugal

matrix C. Each element of the two matrices (e.g., My, are defined separately below.

My, My, Mg
M= My My, Moy (1)
Mg, Mgy Msgg

My, = L2M,; + LM, + LiM3 + L3M, + L3M, + L3 M,
+ 2L1L2M2 COS(qQ) + 2L1L2M3 COS(qz) + 2L2L3M3 COS(q3)
+ 2L1L3M3 COS(qQ + qg)

My, = LSMQ + L%M?) + L§M3 + LyLyMs cos(qy) + LyLoM3 cos(gs)
+ 2LyL3M3 cos(qs3) + LiLsMg cos(qs + q3)

M3 = LyM;3(Ls + Ly cos(gq + g3) + Ly cos(q3))

My, = L3My + L5My + LiMs + Ly LyM, cos(qs) + Ly LoMj cos(q,)
+ 2LyL3 M3 cos(q3) + L1 LgM3 cos(qz + q3)

Myy = L3M, + L3Mg + LiM3 + 2Ly LsM; cos(qs)
Mys = LyM3(L3 + Ly cos(q3))

M3y = L3M3(L3 + Ly cos(qy + g3) + Ly cos(q3))
M3y = LyM3(L3 + Ly cos(q3))

M33 = L§M3
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Ci1 Cyo C13
C= C21 C22 C23 (2)
C31 C32 C33

C11 = —934(L1 L3Mssin(qy + q3) + LyL3Mssin(q3))
- qu(L1L3M3 sin(qq + g3) + L1LyMysin(qs) + Ly LoM; Sin(‘h))

Cio= _L1”lld(L3M3 sin(qq + g3) + LoMy sin(gq) + LoMsy Sin(ﬂz))
—Liq94 (L3M3 sin(qy + g3) + LoMy sin(qy) + LoM; Siﬂ(’h))
— L3M3q34(Ly sin(qy + q3) + Lo sin(q3))

Ci3 = —LyM3(Ly sin(qy + q3) + Ly sin(q3))(q1a + G20 + 34)
Co1 = 914(L1L3Mssin(qs + q3) + Ly LyM, sin(qs) + Ly LyMysin(qs))
— LyL3M3q34sin(q3)
Coy = —LyL3M3q3, sin(q3)
Coz = —LyLsM3sin(q3)(914 + q2a + 934)
Cy1 = 914(L1LyMssin(qs + q3) + LyLyMssin(qs)) + LyLsMsqaqsin(q;)
Cso = LyL3M3sin(g3)(q14 + q24)
Cyy =0



Appendix B: EKF Jacobian

Definition

This appendix defines the symbolic forms of the EKF transformation Jacobian for
forward transformation, | £ backwards transformation, J,, and no transformation, J,,.

Each nonzero term of the Jacobian is defined separately.

Jrig T2 00
o] 0 Tpe 00
Jran Jgz2 00
Jran Jgao 00

Qa,2&y cos (aA(HASCA_TCA)) N

€A

N = 180L,,V*c, — 180L,,0V? + 180A,, L, RTOhy — 180A,,L,ROT, I
— 180A,,L,,RTchg + 180A,,L,RT,,c 4l + 180A,,L,RT>Oh,
+ 180SEL,, V3¢ 4€,0x — 180A,,L,RT3c sy — 180A,, L, RT?OT,  \ h,
+ 1804, Ly, RTT,1,c 4 by + RERC, Oy, r — 180A,, SEL,RTc g€, Fg
+ 180A,,SEL,,RT, 1, A€ max /o — 180A,,SEL,,RT?c s€,,.. 15
+ 180A,SEL,RT>T,1,C A€ o 12)

ay(0+Ascy —Tey)
Ca

D =90Ly,Repmy,| 2 + Qaép sin ) + ZSEcAemaX)
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D =90L,Rc,m, (QCA + Qa, &y sin (

aA(UJrASCA—TCA)

a,42& ) cos ( o ) (SEepax +1)N

D2

N = 180L,,VZc,

— 180L,0V?>
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) + QSEcAemaX)
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