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Figure 1.9: SMA springs actuated active catheter [41].

1.3.1.2 Active Needle

Ayvali et al. [44] have developed a discretely actuated cannula using a customized Nitinol
shape memory actuators for applications in percutaneous and intravascular procedures. The
steerable cannula has three straight segments of stainless steel which are then joined by two
Nitinol wires (Figure 1.10). The Nitinol wires are annealed to achieve arc shape at high tem-
perature Austenite phase. This design provides local actuation at each joint of the cannula to
steer it and guide to the target location. The overall outer diameter of the final prototype is
3 mm.

1.3.1.3 Neurosurgical robot

Ho et al. have developed an MRI compatible SMA actuated neurosurgical robot in [45]. This
robot has nine serially connected pivot joints where each joint is locally actuated by two antag-
onistic SMA wires. With some improvements, they redesigned the robot in [46]. In this design,
instead of locally actuating using SMA wires, tendon-sheath mechanism is used and the free
end of the two tendons were pulled by two antagonistically connected SMA springs. The main
advantage of using tendon-sheath mechanism is that SMA actuator can be placed sufficiently
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Figure 1.10: SMA actuated steerable cannula [44].

away from the actuating robot and outside the imaging region of MRI scanner. This helps in
producing less artifacts in the MR images which is caused by energy dissipated by SMA wires.
In addition, the current version of the robot is also shown to be capable of producing large
range of motion and large output forces.

Figure 1.11: SMA actuated MRI compatible neurosurgical robot developed by Ho et al. [46].

1.3.2 SMAs as Self Sensing Actuators

As a self sensing actuators, SMAs have been used to design an active endoscope in [47], and
an active laparoscopic instrument in [48], which are discussed as follows.



1.3. SHAPE MEMORY ALLOYS (SMAS) 15

1.3.2.1 Active Endoscope

In [47], Ikuta et al. designed a 13 mm diameter active flexible endoscope using SMA spring
actuators. The endoscope consists of five segments; four of them have flexibility in the same
direction, and the one close to the tip has flexibility in an orthogonal direction. Each segment
comprises a stainless steel coil and a pair of antagonistically connected SMA spring actuators
(Figure 1.12). The outer diameter of the SMA spring actuators is 1 mm and the diameter of its
wire is 0.2 mm. The bending of each segment is obtained by electrically heating the SMAs,
while their resistance is used as a feedback to control it.

Figure 1.12: An active endoscope designe by Ikuta et al. [47]

1.3.2.2 Active Laparoscpic Instrument

In [48, 49], an SMA actuated laparoscopic surgical instrument, with 8 mm of outer diameter,
is described. The end-effector of the instrument has three degrees of freedom (pitch, yaw and
grip). The end-effector is composed of a ball-joint link, that can be rotated around two axes
using 3 pairs of SMA wires, and another pair of SMA wires along with one spring is used to
operate the forceps. Using SMA wires’ own resistance as feedback, a closed-loop control is
implemented to control the wrist motion [50] in all three degrees of freedom. Several in vitro
and in vivo experiments are conducted to evaluate the device’s performance such as maximum
force, velocity and end-effector inclination. It is shown that the proposed design method is
sufficient for the assistance task such as clamping, pulling and holding tissue.
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Figure 1.13: (a) SMA actuated laparoscopic forcep and (b) active joint [48, 49].

1.3.3 SMAs as Strain Sensors

A custom-tailored SMA sensor was proposed in [51, 52]. The sensor is made by laser machin-
ing a superelastic Nitinol tubing. The overall width of the sensor is reported to be approxi-
mately 700 µm. This sensor is designed to provide strain feedback in a catheter that is actuated
by another custom-tailored SMA actuator previously designed by the authors in [43]. The sen-
sor is shown to be able to accommodate upto 20% of strain. The gauge factor of this sensor is
reported to be 6.9 which is around twice the gauge factor of metallic foil strain gauges, indi-
cating higher sensitivity of their sensor. However, the overall resistance of their 1.5 mm long
sensor is only 1.5 Ω which is significantly (around 100 times) lower than that of metallic foil
strain gauges. As it mentioned earlier in section 1.2.2.1, due to such a low resistance of their
sensor, the output is most likely to have very low SNR.

Schoor et al. [53] and Huff et al. [54] also proposed to use SMAs as strain sensors, and
both have patented their designs. The sensor described in [53] is intended to use in those
applications where high forces have to be detected, e.g., parachute canopies and seatbelts. In
[54], a thin film SMA sensor is proposed for use as a strain gauge. The manufacturing process
of a thin film SMA includes a vapor deposition method to deposit a thin layer of SMA on a
polymer substrate. Maximum strain range of this sensor is reported to be only 1.2%. Since,
a polymer substrate is used as a backing for thin film SMA, this sensor is most likely to have
the same installation problems which are encountered when using metallic foil strain gauges
(section 1.2.2.1).

1.4 Project Goals

The unique properties of SMAs (in particular Nitinol), such as biocompatibility, SME, supere-
lasticity and ER variations make SMAs a promising candidate for use both as actuators and
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strain sensors for applications in minimally invasive interventions. Therefore, the objective of
reducing cost and design complexity of the actuation mechanism in existing robotic surgical
instruments while cost-effectively providing force and/or strain feedback to the user (clinician),
leads to the two main goals of this research project:

1. To develop a framework in order to control the output of the SMA actuators in real-time
so that they can be used for position or force control. To achieve this goal, a model of
strain in an SMA actuator with respect to input current is required. Then, using this
model, a real-time control strategy needs be developed to appropriately control the SMA
actuators.

2. To explore the use of SMAs as strain sensors for instrumentation of minimally invasive
interventions. In order to achieve this goal, the use of superelastic SMAs as strain sensors
need to be studied in order to develop a design that is simple and can be easily integrated
on existing surgical instruments.

1.5 Significant Challenges

The main drawback of using SMA actuators is the nonlinear hysteretic behavior of strain with
respect to input current which makes them difficult to control in real-time. In particular, for
applications in minimally invasive interventions where accurate positioning of the instrument is
required, this problem becomes challenging. Therefore, there is a need to develop an accurate
model for SMA actuators which can be used to precisely control an SMA actuated end-effector.
The Preisach model is a phenomenological model that can accurately describe the behavior of
hysteresis in SMAs based on offline stored experimental data. However, using offline data to
implement real-time control is not very convenient. Additionally, updating the offline data in
order to adapt to changes in the operating condition is also challenging. Therefore, there is a
need to develop an accurate model that can overcome these challenges.

Another major challenge is associated with the development of an SMA strain sensor suit-
able for thin, possibly flexible, surgical instruments. The sensor should be sensitive enough
to accurately measure the forces, and have a large recoverable strain range to avoid saturation
when measuring bending strain in flexible instruments. The sensor must also be far thinner
than the instruments itself in order to accurately measure strain while maintaining the maxi-
mum allowable size of the instrument. In addition, due to low space constraints in MIST, issues
in sensor installation and lead wire connections should also be properly addressed.
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1.6 Contributions

The main contributions of this thesis can be summarized as follows.

1. A highly accurate adaptive ANN based Preisach model is proposed in this thesis. The
proposed model can effectively deal with uncertainties and can be easily used in a real-
time control. Thus, the proposed model overcomes the major drawbacks of the Preisach
model while keeping its underlying characteristics. Furthermore, a novel control frame-
work is also presented that uses this adaptive model and a model predictive control tech-
nique to control the SMA actuator.

2. A novel ultra thin strain sensor is also introduced in this thesis. With the advantage of
thin size (15 µm), low cost, high sensitivity and large strain measurement range, this
sensor provides a good practical alternative to current strain sensing technologies. The
relatively higher sensitivity and larger strain measurement range of this sensor make it
suitable for both rigid and flexible instruments. To the best of our knowledge, there
is no commercially available strain sensor that is as thin as the sensor proposed in this
thesis with similar sensitivity and range. The ultra thin size in addition to the designing
simplicity of the sensor make it easy to install on almost all kinds of surgical instruments.

1.7 Outline of the Thesis

The thesis consists of four chapters.
Chapter 1 - Introduction

This chapter presents an overview of the state-of-the-art for actuation and sensing technolo-
gies used in current robotic surgical instruments, and discusses their major drawbacks. The
unique properties of the SMAs in the context of specific applications are discussed that help in
identifying SMAs as a potential alternative to existing actuation and sensing technologies.

Chapter 2 - Hysteresis Modeling and Control of Shape Memory Alloy Actuators

In this chapter, we developed a model and a control strategy to control the strain in an SMA
actuator. For this purpose, the Preisach model is modified by using ANNs to replace the ex-
perimentally stored data required for the Preisach model with the ANN’s weight parameters.
Then, the extended Kalman filter (EKF) algorithm is used to update these weight parameters
online in order to model the disturbances present in the system. Based on this adaptive model,
a model predictive controller is implemented to control the strain in a shape memory Nitinol
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wire actuator. The performance of the proposed model and the controller is verified through
several experiments.

Chapter 3 - Design of an Ultra Thin Superelastic Shape Memory Alloy Strain Sensor

This chapter presents the design of a novel ultra thin strain sensor using a superelastic Niti-
nol wire. Before using Nitinol as a strain sensor, some important properties of Nitinol are
discussed in the first section followed by the sensor selection criteria and a method for lead
wire connection. Then, a method to use this sensor for measuring forces acting at the tip of a
rigid surgical instrument is presented. To validate the force sensing capability of the proposed
sensor, a da Vinci surgical instrument is sensorized using these sensors. Several experiments
are performed to characterize different features such as force measurement accuracy, resolution
and temperature drift.

Chapter 4 - Conclusion and Future Works

Chapter 4 provides concluding remarks followed by some suggestions for future works.
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Chapter 2

Hysteresis Modeling and Control of Shape
Memory Alloy Actuator

2.1 Introduction

Due to their high power-to-weight ratio, low cost, silent actuation and biocompatibility, SMA
actuators have been preferred over conventional actuators in many applications such as in
aerospace [1], robotics [2, 3] and surgical tools [4–6]. The working principle of these actu-
ators is the reversible diffusionless solid-state transition between a low temperature Martensite
(M) phase and a high temperature Austenite (A) phase. At low temperatures, when SMAs are
deformed with the help of some external means such as biased springs, they can regain their
original shape when heated above the M to A transition temperature (TM→A). Further, when
they are cooled below the A to M transformation temperature (TA→M), they are again easily de-
formed. This property enables SMAs to produce a large amount of force and strain (3-5%) on
actuation. However, SMAs exhibit highly nonlinear temperature-strain behavior. In addition,
the hysteresis caused by the difference between (TM→A) and (TA→M) makes them very difficult
to use in real-time control applications. Therefore, the need arises for developing an accurate
model that can be used to implement a real-time control system to control the strain in SMA
actuators.

In the past, there have been many attempts to model the hysteresis behavior of SMA ac-
tuators ([7–11]). Among them, one of the most popular approaches is using Preisach model.
In contrast to the models that are derived from first principles of physics, the Preisach model
is a phenomenological approach that can accurately describe the hysteresis behavior (includ-
ing minor loops in the input-output graph) of many physical systems (such as SMA actua-
tors, piezoceramic actuators, cable-driven instruments and magnetostrictive actuators) without
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providing physical insight into it ([9, 12, 13]). Thus, using the inverse Preisach model in a
feedforward control loop, the output of a hysteretic system can be controlled [14]. However,
this approach has very limited use because the Preisach model makes predictions based on
the experimental measurements (first order reversal (FOR) curves) which are obtained offline.
Therefore, apart from the complexity of finding the numerical inverse, it is also very difficult to
update the tabulated experimental data that is needed to adapt to changes in the environmental
conditions and modeling uncertainties [15, 16]. To overcome this problem, in [15], each of the
FOR curves are approximated by a second order polynomial and the coefficients of the poly-
nomials are stored in a table. These coefficients are then recursively updated using the least
mean squares (LMS) algorithm to model the uncertainties in the system. The drawback of this
approach is that the accuracy of the predicted output is limited by how good the polynomials fit
the FOR curves. In [16], a single two-inputs (increasing temperature and decreasing tempera-
ture) one-output ANN with two hidden layers was used to approximate all of the FOR curves
together. Although, open-loop results demonstrate the accuracy of this model, due to the high
interconnections of neurons, it is difficult to identify which parameters should be updated in
real-time when input is increasing or decreasing. If all of the weights are updated in case of
monotonically changing inputs, the weights may converge to the values which could produce
undesirable predictions when switching occurs.

In this paper, a new control framework for controlling the strain in the SMA actuators is
proposed and experimentally validated. The numerical Preisach model described in [10] is
modified so that it can be easily used in a real-time control system to determine the appropriate
control signal as well as can adapt to changes in the operating conditions. In this regard, both
the first order descending (FOD) and first order ascending (FOA) curves are used and each of
these curves are approximated by an ANN. This modification not only improves the accuracy of
the predictions but also makes the Preisach model useful for real-time control without changing
the underlying properties of the Preisach model itself. The EKF algorithm is used to make the
model adaptive by recursively updating the weight parameters of the ANN approximating the
corresponding FOR curve. Furthermore, a model predictive controller is implemented that uses
the temperature dynamics of the SMA actuator followed by the adaptive neural Preisach model
(ANPM) to predict the future behavior of the SMA actuator. Then, the Levenberg-Marquardt
(LM) algorithm iteratively computes the optimal control current to achieve the desired strain.
Simulations and experimental results demonstrate the performance of the adaptive hysteresis
modeling of an SMA wire actuator and the performance of the proposed controller to achieve
the desire strain in the actuator.
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2.2 Classical Preisach Model

This section describes the classical Preisach model. The major content and all the derivations
here are adopted from the book “Mathematical Model of Hysteresis And Their Applications”
written by Isaak Mayergoyz [10].

The classical Preisach model is described as an infinite number of parallely connected
two-position relays with α and β being “up” and “down” switching values respectively [10].
Mathematically, the output ( f (t)) of the Preisach model, at any time instant t, can be written as

f (t) =

"
α>β

µ(α, β)γ̂αβ[u(t)] dα dβ (2.1)

where u(t) is the input and γαβ (α > β) is the output of the elemental relay operator which has
a value of +1, when the input is greater than α, and 0 ( -1 for some models), when the input is
lower than β. For inputs between α and β, the value of γαβ remains the same as in the previous
state. µ(α, β) is an arbitrary weight function, also known as the Preisach function or Preisach
density function.

Geometrically, the Preisach model can be defined on a half plane (α > β), where each point
(α, β) in the plane corresponds to an elemental hysteresis operator with a specific Preisach func-
tion value (µ(α, β)). Consider a right angle triangle (Figure 2.1(a) and (b)) with its hypotenuse
at line α = β, and its vertex at (α0, β0) where α0 and β0 are the maximum and minimum value
of the input (u(t)) that can be applied to the system. The value of µ(α, β) outside of this trian-
gle is assumed to be zero. At any time instant t, if the input (u(t)) is monotonically increased
from β0, a horizontal line α = u(t), in the triangle, starts moving upwards as shown in Figure
2.1(a), and all of the hysteresis operators with α value less than u(t) are switched to the “up”
position whereas all of the other hysteresis operators with α value greater that u(t) remain in
the “down” position. Now, after reaching a value α1, if u(t) starts monotonically decreasing, a
vertical line β = u(t) starts moving towards the left as shown in Figure 2.1(b). This results in
all of the hysteresis operators with β value greater than u(t) being turned back into the “down”
position. When the input is increased again from the last minimum value β1, the horizontal line
u(t) again moves upwards. Generalizing this pattern at any time instant t, the triangle is always
divided into two subsets: S +(t), consisting of the points (α, β) for which γαβ value is +1, and
S 0(t), consisting of the points (α, β) for which γαβ value is 0, as shown in Figure (2.2). Thus,
(2.1) can be rewritten as

f (t) =

"
S +(t)

µ(α, β)γ̂αβ[u(t)] dα dβ +

"
S 0(t)

µ(α, β)γ̂αβ[u(t)] dα dβ (2.2)
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Figure 2.1: Preisach triangle and triangle subdivision due to (a) increasing input, (b) decreasing
input.

where

γ̂αβ[u(t)] = +1, if(α, β) ∈ S +(t)

and γ̂αβ[u(t)] = 0, if(α, β) ∈ S 0(t)
(2.3)

Therefore,

f (t) =

"
S +(t)

µ(α, β) dα dβ (2.4)

The vertices of the staircase formed by the horizontal and vertical lines (in Figure 2.2) represent
the local extremums of the previous inputs.

From (2.4), it can be observed that µ(α, β) is the only unknown to fully describe the hystere-
sis model of a system. Therefore, the problem of the hysteresis identification using Preisach
model is in fact a problem of the Preisach function (µ(α, β)) identification, which needs to
be determined experimentally. For this purpose, a basic approach, as described in [10], is to
directly compute µ(α, β) by differentiating (2.4) with respect to α and β, then, µ(α, β) can be
written as

µ(α, β) =
d2 fα,β
dαdβ

(2.5)

where fα,β is the output of the hysteretic system along the FOR curves. It can be either FOD
or FOA curves. These FOD (or FOA) curves are formed after the first reversal of the input
from the major ascending (or major descending) curve as shown in Figure 2.3. Once (µ(α, β))
is identified, the output of the Preisach model can be predicted using (2.4). However, this


