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Abstract

Objective. Minimally invasive surgery (MIS) is a method where surgery is performed through tiny inci-
sions in the human body, rather than through large openings. This improves the recovery time of the
patient and the risk of infection. A surgeon can perform MIS by bringing a surgical tool into to body of
the patient to inspect the surrounding tissue or to deliver a drug or object to the target location. These
surgical tools do not have an interface that allows for the steering of the tool once it has been introduced
into the human body. Uncontrolled steering of a surgical tool can result in damage to the tissue of the
patient and longer operation times. The steering of these tools is therefore highly reliant on a surgeon’s
skill. To improve the steering of these surgical tools, a new design for a so-called ’surgical manipulator’
has been developed with the use of smart materials.

Methods. The use of shape memory alloys (SMAs) and shape memory polymers (SMPs) has been inves-
tigated for the development of a new surgical manipulator. Four concepts have been generalised with the
use of SMAs which are actuated through the joule heating effect. The difference between the implemen-
tation of the one way shape memory effect (OWSME) and the two way shape memory effect (TWMSE)
has been explored. Calculations on the shape memory effect, the critical shear stress, the achievable
bending angle, the joule heating effect and the cooling down time have been made on the final design.
Theoretically calculations are compared with the results from simulations of the final design, which are
made in Comsol 5.5.

Results. The final design consists of three SMA springs which are programmed for the TWSME. Both
the model of Liang and Rogers as well as the model of Lagoudas (the model which is used in Comsol)
show the shape memory effect in SMAs. The maximum critical shear stress for a SMA spring of 10 mm
long is 183 MPa, which results in a maximum displacement of 2.61 mm. A bending angle between 21.09°
- 22.65° and 12.54° - 13.60° have been achieved for a surgical manipulator without and with a silicon
rubber shell respectively. With a current of 0.55A, it takes about 1.7 seconds for the SMA springs to
heat up through joule heating, and about 6 seconds to cool down again.

Conclusions. In this study a new design for a surgical manipulator has been proposed with the use of
SMAs. The manipulator is able to bend in six different directions with a satisfactory heating and recovery
time. With the use of this design more accurate steering of surgical tools is possible, which will result in
faster operation times and less tissue damage to the patient.

Keywords: Shape memory alloys (SMA), surgical manipulator, smart materials, one way shape memory
effect (OWSME), two way shape memory effect (TWSME), joule heating
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Abstract (Nederlands)

Doelstelling. Minimaal invasieve chirugie vindt plaats door kleine sneetjes te maken in het menselijk
lichaam, in tegenstelling tot de traditionele chirugie waarbij grote openingen in het lichaam worden
gemaakt. Minimaal invasieve chirugie zorgt ervoor dat de hersteltijd van de patiént korter wordt en de
kans op infecties wordt verlaagd. Een chirurg brengt tijdens deze operatie een chirurgisch hulpmiddel in
het lichaam om weefsel te kunnen inspecteren of om een object op een bepaalde plek in het lichaam te
plaatsen. Het probleem met huidige chirurgische hulpmiddelen is dat ze niet door middel een interface
worden aangestuurd, waardoor de besturing van deze hulpmiddelen afhankelijk is van de ervaring van
de chirurg. Ongecontroleerde besturing van een hulpmiddel kan schade aan het weefsel van de patiént
aanbrengen en de operatieduur verlengen. Om de besturing van deze hulpmiddelen te verbeteren zal in
dit verslag een nieuw ontwerp voor een zogenoemde ’chirugische manipulator’ worden ontwikkelend met
behulp van slimme materialen.

Methode. Het gebruik van geheugenlegeringen (in het engels ook wel shape memory alloys, of SMAs
genoemd) of geheugenpolymeren (shape memory polymers, SMPs) is onderzocht voor de ontwikkeling
van een nieuwe chirurgische manipulator. Vier concepten zijn gegeneraliseerd met het gebruik van SMAs
die geactiveerd worden door het joule-effect. Het verschil tussen implementatie van het eenrichtingsge-
heugeneffect en het tweeweg geheugeneffect is onderzocht. Op het gekozen ontwerp is het geheugeneffect,
de kritische schuifspanning, de haalbare buigingshoek, het joule-effect en de afkoeltijd onderzocht. The-
oretsiche berekeningen worden vergeleken met simulaties gemaakt in Comsol 5.5.

Resultaten. Het gekozen ontwerp bestaat uit drie SMA veren die geprogrammeerd zijn voor het tweeweg
geheugeneffect. Zowel het model van Liang en Rogers als het model van Lagoudas (het model dat in
Comsol wordt gebruikt) tonen het geheugeneffect in SMAs aan. De maximale kritische schuifspanning
voor een SMA veer van 10 mm lang is 183 MPa, wat resulteert in een maximale verplaatsing van 2.61 mm.
Voor een chirurgische manipulator met en zonder een siliconen bedekking is respectievelijk een buiging
gehaald van tussen de 12.54° - 13.60° en 21.09° - 22.65°. Bij een stroomsterkte van 0.55A duurt het
ongeveer 1.7 seconden voordat de SMA veren door het joule-effect zijn opgewarmd. Het duurt ongeveer
6 seconden voor de veren om weer af te koelen naar de omgevingstemperatuur.

Conclusies. In deze studie is een nieuw ontwerp voor een chirurgische manipulator voorgesteld met
behulp van geheugenlegeringen. De manipulator kan in zes verschillende richtingen buigen met een
gewenste reactiesnelheid. Met behulp van dit ontwerp kunnen chirugische instrumenten nauwkeuriger
worden aangestuurd, wat resulteert in kortere operaties en minder weefselschade bij de patiént.

Trefwoorden. geheugenlegeringen, chirurgische manipulator, slimme materialen, eenrichtingsgeheugenef-
fect, tweeweg geheugeneffect, joule effect
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1 Introduction

Minimally invasive surgery (MIS) has the benefits of performing surgery inside the body with fever and
smaller incisions [3]. With MIS, both the risk of infection and the wound healing time are reduced.
Furthermore, the diagnosis and patient treatment are improved [3]. Examples of minimally invasive
procedures are endoscopy or microsurgery. A commonly used tool in MIS is a catheter, which is a long
flexible tube which can be inserted into the vascular system, the gastrointensinal tract or the airway for
diagnosis and treatment [3]. In figure [1| an example of a left heart catheterization is shown [4]. Surgical
manipulators like a catheter are limited in their motion and are in continuous contact with the blood
vessels, making it hard for the the distal end of the surgical manipulator to be controlled. This makes it
more difficult to reach a target location inside the body. It can occur that the surgeon has to remove the
surgical manipulator multiple times before the target location is reached, which results in small tissue
traumas [5] [6] [7].

To reduce the risk of tissue trauma, research has been done on the fabrication of new steerable catheters,
which allow for greater control of their movement in comparison to conventional catheters. Furthermore,
the catheter stability in operation is improved and the total radiation exposure, where applicable, is
reduced [3]. Examples of ways in which a surgical manipulator can be steered are with tendons, magnetic
fields, soft materials and through hybrid actuation [3].

Smart materials like shape memory polymers (SMPs) or shape memory alloys (SMAs) are examples of
materials which can contribute to the development of more accurate micro-actuators [§]. The benefits of
using smart materials for the steering of a surgical manipulator are that they have super-plasticity, are
biocompatible, have a high recoverable strain and a good steer-ability [3]. Acutation by SMAs are used
more frequently as a replacement of actuation by electric motors, because motors still have the disadvan-
tage of their weight and their bulkiness [9]. Other benefits of SMAs are their high force to weight ratio,
their ability to be deformed by a simple current flow and that they don’t make any noise [I0]. They are
currently already used in research for endoscopy applications [8] or in the actuation of a soft 3D printed
robotic hand [9].

Because of the above benefits of smart materials, the focus of this study lies on the implementation of
these materials in a new design for a surgical manipulator. In the next chapter, a brief summary on
the working mechanisms of smart materials is given. In the chapters following up, a few concepts are
shown, from which one concept is chosen as the final design for the surgical manipulator. This concept
is simulated in a finite element software and conclusions on the implementation of the design are drawn
at the end of this study.

Figure 1: Schematic representation of the insertion of a catheter into the left atrium of the heart. The
catheter has to be both flexible, to facilitate the following of the natural bends of the aorta, as well as
limited in size, in order to fit into the vessels without causing trauma to the patient.
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2 Theoretical background

A common form of smart materials are shape memory materials. These are materials which can change
to a previous (memorized) form when an external stimulus is applied [IT] [I2]. This phenomenon is also
called the shape memory effect (SME) [13]. Examples of external stimuli are heat, light or a magnetic
field. There are many types of smart materials, shape-memory alloys (SMA) and shape memory polymers
(SMP) are most commonly used.

2.1 Shape memory alloys

Shape-memory alloys are metallic alloys with the characteristics of a smart material. The alloys have two
unique properties: pseudoelasticity and the shape memory effect (SME). Pseudoelasticity is the capabil-
ity to exhibit a larger recoverable elongation upon mechanical loading, when compared to normal metals.
Pseudoelasticity is the result of a stress-induced martensite transformation at constant temperature [2].

Metals are crystalline objects and their atoms are arranged in a regular space, which is also known as
the crystal lattice. Normally when metals deform, the atoms trade places with each other in this crystal
lattice. This movement is possible because electron bonds are broken, making the atoms free to move.
This process is also called diffusion of the atoms. Another way by which a metal can deform is through
slipping. This is also the primary mechanism behind plastic deformation. During slipping, bonds be-
tween large groups of atoms are broken, making it possible for the atom sheets to ’slip’ over each other [14].

The shape memory effect is not caused by diffusion nor slipping of the atoms, but through an effect
called martensitic transformation. The shape memory effect in SMA can occur in two different phases:
the martensite and austenite phase. The chemical composition of the material will stay the same, the
mechanical properties will however change during phase transition [2]. The martensite phase can be
divided into two states: twinned martensite and detwinned martensite [I1] [15].

At high temperatures the austenite structure is stable, whereas at low temperatures the martensite struc-
ture is stable [I4]. Austenite has a very strong, cubic atomic structure, while martensite has more space
between the atoms, and a structure which has a parallelogram shaped form. This difference in crys-
talline structure makes materials in their martensite phase more flexible and softer than materials in
their austenite phase. When an external stimulus like heat is applied to a material in its martensite
phase, the object will go back to its austenite phase (which is also called its programmed phase). Once
the object has cooled down again it will go back to its twinned martensite phase. The material can then
be brought into a new shape by applying a load or force on the object, which brings the object in a new
deformed (or detwinned) martensite phase [11].

W austenite
oy
=N
5 ;
w
o
= \
w heating
=
Icouhng
loading
J——
twinned martensite deformed martensite

LOAD

Figure 2: Schematic of the crystalline structures at twinned martensite, deformed martensite and austen-
ite phase.
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This process, which is also shown in figure [2| [I6], can be repeated for a number of times. The process
where the crystalline structure changes from a cubic structure to a parallelogram (twinned) structure, is
called twinning. No atomic bonds are broken; the bonds can rotate and keep this shape after rotation.
Because no bonds are broken, the material is capable of returning to its original shape.

The martensitic transformation can occur in two ways: thermally induced martensitic transformation
and stress induced martensitic transformation. Stress induced martensitic transformation occurs when a
certain amount of force or stress is exerted on the metal in its austenite phase. This stress will cause a
transformation back to the martensitic phase. In this study, the focus lies on thermally induced marten-
sitic transformation.

When heat is applied to a SMA object, the material will go from its martensite structure into an austenite
structure. The temperature at which the material will enter the austenite phase is called the austenite-
start-temperature (Ag) and the transition is finished at the austenite-finish temperature (Ay) [II] [I7].
When the material is cooled down again, it will go back from its austenite state to its martensite phase.
This process will start at the martensite-start-temperature (M) and will end at the martensite-finish-
temperature (Mg). The difference between A and My is called hysteresis, which is caused by the need
of a driving force to induce the transformation [2] [I8]. For a surgical manipulator, a small hysteresis is
preferred for fast actuation.

SMAs have great potential to replace actuators like electric motors and hydraulics [T9]. A great choice
for the alloy in a SMA is the nickel-titanium (NiTi) SMA, which can endure high stress and high ex-
ternal forces [7]. Besides NiTi, copper-zinc-aluminium (CuZnAl) and copper-aluminium-nickel (CuAINi)
are also frequently used. NiTi has a number of advantages over copper based alloys; NiTi has a large
resistivity, a higher mechanical strength and a higher work density [I7]. SMAs can be formed in multiple
shapes, like thin plates or wires. They are able to execute a significant force [§]. The transformation tem-
peratures depend on the composition of the alloy [I1]. In general, NiTi exhibits the largest deformation
recovery. Not only the transformation temperature depends on the composition of the alloy, other prop-
erties like fatigue life and flexibility are changed as well. The kelloggsresearchlabs made an overview of
the impact of different additional elements to NiTi alloy, from which a summery is shown in in table[T] [I4].

Table 1: Impact on the shape memory properties of the addition of different elements to the NiTi alloy

Additional element

Aluminium (Al)

Advantages Disadvantages

Increases fatigue life and flexibility
and reduces the weight.
Recommended for applications which
need a high stiffness

Decreases the thermal hysteresis (20%
Cu results in a hysteresis of 2.5°C),
allows a higher cylce rate and the
TWSME is 5-7% enhanced.

Cobalt (Co) The shape memory effect is sup-
pressed

Hard to produce, above 10% Cu
SME starts to disappear, deformation
should be limited to 3% for lower con-
centrations and the material gets a

lower melting temperature

Copper (Cu)

Hafnium (Hf)
Tron (Fe)

Increases transition temperature
Stabilizes the transition temperature
and increases the ultimate tensile
strength to 4x of pure titanium
Reduces the material stiffness and im-
proves fatigue life

Decreases the transition temperature
(around -40°C)

Magnesium (Mg)

Niobium (Nb)
Palladium (Pd)
Platinum (Pt)

Lightweight
Increases the transition temperature
Increases the transition temperature

Widens the thermal hysteresis
Expensive to produce
Expensive to produce
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2.2 Shape memory polymers

Shape memory polymers are capable of fixing temporary shapes and recovering to the permanent shape
upon activation by an external stimulus [1]. An example of commonly used SMP is polyurethane, which
has a wide-ranging temperature for shape recovery and has a high recoverable strain (up to 400%) [20].
SMPs can be triggered by heat, light, magnetic field or a solution. SMPs consist of chain segments
which are connected with physical or chemical netpoints. The netpoints provide stability and dictate
the permanent shape of the material [I2]. Chemical crosslinking occurs through covalent bonds, while
physical crosslinking occurs thourgh intermolecular interactions.

The shape memory effect of SMPs is similar to that of SMAs. SMPs will go back to a programmed
state after an external stimulus is applied. When the material is programmed, a temporary shape is
made due to the incorporation of reversible netpoints. These netpoints prevent the chain segments from
recoiling during deformation of the material. The programming of the material occurs under a high
temperature. Under this high temperature, the material is deformed into a new shape. Next, the tem-
perature is brought down. When the temperature is brought up again, the material will go back to its
original shape. Depending on the material, a one-way shape-memory effect can occur or a reversible
shape-memory effect. For the design of a SMP with a reversible shape memory effect, the design should
incorporate two types of chain segments with distinctly different melt temperature ranges [12]. The mech-
anism of the shape memory effect of a SMP can be seen in ﬁgure made by A. Lendlein and O. Gould [21].

There are two main types for printing a SMP into the desired shape; through polymemer jetting (by
PolyJet) and through stereolithography. Other methods for printing the material are fused deposition
modeling and hydrogel extrusion [12].

a Macroscopic level Rewversible thape-memaory effect
Shapsn A Shape B

Programming
T TS PP Coaling —
eating
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B ——
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Origirlul shape Recovered shape

S |

ird.
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—_— >, One-way shape-memory effect
Temgaray shape

f
' M
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Figure 3: Programming of a coordinated physical response in polymeric systems, made by A. Lendlein
and O.Gould. In the figure the reversible shape-memory effect and the one-way shape memory effect are
shown.
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3 Methods

3.1 Design requirements

The goal of this study is to make a new design for a surgical manipulator with the use of smart materials.
In this study, only one segment of a surgical manipulator will be designed. This segment is the part of the
surgical manipulator that when actuated will bend the manipulator to one direction. Multiple shapes of
the surgical manipulator can be achieved when multiple bending segments are placed next to each other.
One segment must meet the following requirements:

e Bending angle. The surgical manipulator has to be able to reach all the difficult anatomical desti-
nations. In order to achieve this, the surgical manipulator should be able to bend in all directions.
This requirement is also shown in figure [4

e Recovery. The surgical manipulator should be able to be used multiple times. It is thus important
that the segment is be able to recover back to its original form after it has been activated. Once
the manipulator has reached its original position, it should be able to be actuated again to take on
a new bending shape.

e Size. The diameter of the model should be as small as possible, preferably under 10 mm. A general
diameter size for for example a catheter is between the 2.64 mm and 11.88 mm [22].

e Reaction time. The model should not react too quickly back to its original form, to avoid causing
damage to the surrounding tissue. However, the model should also not react very slowly, because
this increases the operation time, which is unfavourable for the surgeon and patient. For these
reasons, a reaction time between 1 and 5 seconds is preferred.

e Fabrication. The model should be easy to fabricate with low assembly costs.

Target Sl Target
Needle Tip ’ﬁ(, i e =
Reachable Region ¢ ’ b

Point of Entry I .', R = ,</,/ ||I ':. /T/

/8

Flexible Bending Sections — \

Figure 4: The manipulator should be able to bend in all directions [I]

3.2 Material selection

The bending angle of the manipulator depends on a few factors. A larger difference between the two
temperatures of phases where SMA or SMP deform results in an increase of the resolution of the bend-
ing angle [23]. Shape memory polymers have the advantage of achieving a high stroke, are efficient,
biodegradable and can sustain two or more shape changes [7] [2I]. The biodegradable properties of SMP
are interesting, and have been applied in research for implants and stents [12]. However, for the design
of a new surgical manipulator, this property is not necessary. SMAs are preferred in applications which
require higher actuation forces and a faster response time [23].

Another benefit of SMAs is that current can run through an SMA wire directly, thereby inducing the
joule heating effect. This effect could be used to heat up the material. The joule heating effect can also
be applied to SMPs which consist of conductive carbon nanofibers or carbon nanotubes. However, the
fabrication method of these materials is difficult [24]. SMPs can also be heated by incorporation of a
current carrying wire attached to the polymers, but this also complicates the design. The advantages
and disadvantages of SMAs and SMPs are summarised in table 2l Due to the higher elastic modulus
and quicker response time, shape memory alloys have been chosen to work with. A NiTi alloy will
be implemented in the final design, since this alloy displays the largest deformation recovery rate in
comparison to other alloys.
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Table 2: Design benefits of SMAs compared to SMPs

Shape memory alloys Shape memory polymers
Advantages Disadvantages Advantages Disadvantages
+ High force to weight - Low strain (up to 10 + High strain (up to - Low elastic mod-
ratio % [2]) 700%) ulus which results

in a small recovery
stress and force (4-

10 MPa)

+ Can heat up di- + Lower density - Longer response
rectly through joule time compared to
heating SMAs

+ High elastic modu- + Lower processing - Extra heating
lus (>400 MPa) costs source has to be

implemented in
design

4+ Quick response time + Easier fabrication

than SMAs

Multiple studies have investigated a new design for surgical manipulators with the use of SMAs. SMAs
have been applied at new designs for an active catheter, for example in the research of Y. Haga [25],
where they developed three kinds of active catheters with SMA coils. However, the recovery phase of
the manipulator was not investigated. Coiled SMAs have also been used in the development of a soft
3D-printed robotic hand, where the fingers were controlled by a pair of coiled SMA muscles in a parallel
antognistic setup. This concept can realize a 180 degree movement, but options for movements in 360
degrees still have to be explored. Another actuator was designed by Yeah-Hsun Lu et. al. [26], where only
one SMA wire was wrapped around a needle. The fabrication of a design with only one SMA actuator is
easier than a model with multiple SMA actuators, but it limits the surgical manipulator in the amount
of bending directions [26]. In table|3|an overview of existing designs which incorporate SMA actuators is
shown. Unfortunately, the two-way actuation (which includes the recovery phase after multiple working
cycles) has been left out in most of these papers.

Table 3: Existing studies on steerable surgical manipulators with SMAs

Author (year) number of SMA’s Bending angle Outer diameter
G. Lim et al. (1995) [27] 3 (small and coiled) 13° 2.8 mm
Y. Haga et al. (1998) [25] 3 (small and coiled) 3 designs: 11° - 90° 2.0 mm
Y. Haga et al. (2000) 28 3 Torsional angle of 70° 1.4 mm
H. Takizawa et al. (1999) [29] 3 (straight wires) 90° 1.5 mm
J. Szewczyk et al. (2011) [30] x (straight wires) 70° 1.2 mm

3.3 Shape of the shape memory alloys

The amount of force and displacement (or also referred to as the stroke) that a SMA actuator can exert
depends on many factors, including the shape of the SMA. Straight wires as well as springs can be used
as actuators. The main benefit of a straight wire is that it has a high material efficiency. Furthermore,
due to the small total area, it doesn’t weigh much and is also lower in costs. However, the biggest
disadvantage is that a wire can’t make large displacement. Depending on the amount of cycles used to
program the material, the wire can only reach a displacement of 3-8% of it’s original length.

Helical actuators on the other hand can achieve higher strokes [31] [9]. However, for these structures it is
harder to calculate to displacement and other properties than for straight wires. Other properties which
influence the force and displacement are for example the wire size, the pitch angle and the transition
temperature. An increased wire size results in an increased force and decreased displacement of the
actuator [3I]. An increased pitch reduces the tensile motion and increases compressive motion. A higher
transition temperature increases power consumption and heating time, but reduces the cooling time.
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3.4 Actuation of shape memory alloys

The easiest way to actuate the SMAs is by applying heat to the material. This can be done by applying
external heat to the surface of the material, or with the use of the joule heating effect or the Peltier effect.
Since the surgical manipulator will be inside the body, the last two options are more preferable to avoid
the heating of surrounding tissues.

Joule heating (which is named after its inventor James Prescott Joule) is the effect which occurs when a
charge is passed through a electrical wire with a certain resistance. Due to the resistance of the wire, a
certain amount of heat is released [32].

SMA materials can also be heated up by another thermoelectric effect, namely the Peltier effect [8]. This
effect occurs when a current flows through the junction of two conductors (of different materials). The
chemical difference between the two conductors causes the removal of heat at one junction, while at the
other junction heat is deposited. This results in a temperature difference. This temperature difference
can be used to heat up or cool down a material. The Peltier effect has the benefits that the air in nearby
environment will not be heated up as much as with Joule heating, and that the electric consumption
is lower. The Peltier effect has been applied in a research by J. Abadie, where they designed a new
SMA micro-actuator for active endoscopy applications. However, in this research they managed to let
the surgical manipulator only bend in one direction [§].

The Peltier effect would be able to reduce the cooling down time. However, this requires a more compli-
cated design, which is not favourable for the fabrication method. For this study joule heating is chosen
to actuate the SMA wires.

3.5 Programming SMAs

The production of a shape memory alloy is not easy. First of all, the composition of the alloy can change
the transformation temperature. Secondly, a lot of equipment is needed to form the SMA in order to get
the right properties. Lastly, the phase transformation behaviour is affected by shape-setting and heat
treatments [12].

There are two kinds of shape memory effects: the one way shape memory effect (OWSME) and the
two way shape memory effect (TWSME). Materials which exhibit the OWSME can recover to their
programmed phase in austenite state. A material which is trained for the TSWME has two programmed
states, it can remember its shape in austenite phase, but also in martensite phase [I2]. In contrast
to the OWSME, no external force is needed to retain a new shape in martensite phase. A schematic
representation of the effects on microscopic (crystal structure) and macroscopic (the spring) scale can be
seen in figure [f] and figure [ made by A. Aalsma [2].

T austenite T austenite
2
= A eat g
S cool = cool heat
o heat @
£ =%
T E
— e
Me N | deform M
=i |
preferred martensite martensite preferred martensite variants
variants
Strain— strain
Figure 5: Schematic representation Figure 6: Schematic representation
of the one way shape memory effect. of the two way shape memory effect.
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3.5.1 One way shape memory effect

The process of training a material for the OWSME is relatively simple in comparison to the TWSME ef-
fect. The training of a material for the shape memory effect often occurs with the use of a heat treatment.
Since there are a lot of independent variables which influence the properties of NiTi, no mathematical
model exists to predict the heat treatment of nitinol [14].

Two aspects should be considered when heat treatment of NiTi is applied: the right temperature and the
right length of time. The thicker the diameter of a nitinol wire, the longer duration of heat treatment
is required for rearranging the crystal structure. The longer the heat treatment, the stronger the shape
memory effect will be. During heat treatment for the OWSME, the NiTi alloy will be held in a desired
position for the austenite phase, while the temperature is raised to approximately 500-550°C for 30
minutes. The first heat treatment is called the initial heat treatment. During this phase, the material
will be programmed into the desired shape. By applying a second heat treatment (called aging) the
transition temperature can be risen. During the second heat treatment, the temperature will rise to
325-450 degrees. At these temperatures, the programmed shape is not re-set. The heat treatment can
be performed by applying hot air, by heating in a controlled atmosphere, by induction and by heating in
a vacuum [14].

3.5.2 Two way shape memory effect

The fabrication of the TWSME requires extra training steps. This can be done through mechanical and
thermal treatment. There exist in general four methods for training the TWSME, which will be explained
in this section. In all methods, all production cycles will be repeated multiple times [2]. A schematic
overview of these four methods can be seen in figure[7].

The first method to train the TWSME begins with deforming the material while keeping the temperature
below M¢. As mentioned, My is the temperature where the martensite phase is finished. While the stress
level is kept constant, the temperature is heated up above A (the temperature at which the austenite
phase is finished) and then cooled down again to below M;.

The second way to train a material for the TWSME is by heating the material up to above Af and then
deforming it until it reaches the end of its stress/strain plateau. While keeping the strain level constant,
the temperature is switched from below M; to above Ag.

The third method starts with deforming the material to its recoverable strain limit below the M temper-
ature. When the applied stress is released, the temperature is heated up to above A; and cooled down
to below M.

In the fourth method the temperature is constant between Ay and Ms, and the material is deformed
to its recoverable strain limit. In this way, the material will go into a stress-induced martensite phase.
When the stress is released, the material returns to its austenite phase.

T A c=constant T £ = conslanl
g4 .

coaling

heating

METHOD1 E METHOD 2 a

] o Ma>T > A

£ METHOD 4 £

Figure 7: Schematic representation of the four methods which can be used to program a SMA for the
TWSME [2].
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3.6 Concepts

As stated in previous chapters, a shape memory alloy (NiTi) has been chosen to work with for in the final
design. Four different concepts are made, with different shapes (straight wires and helical shaped wires)
and different programming methods (OWSME and the TWSME). All SMAs will be actuated through
joule heating.

In all concepts, 3 separated actuators (wires or springs) are placed. When one actuator is heated,
it will contract until it reaches its programmed austenite state. When the actuator contracts, it will
simultaneously bend the surgical manipulator to this direction. When two actuators are heated at the
same time, the tube will bend in the direction of the midline between these two actuators. In this way,
the surgical manipulator can bend in 6 different directions.
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Figure 8: Different concepts for the surgical manipulator made in SolidWorks. A concept 1: three SMA
wires, programmed for the TWSME, are enclosed in a PTFE tube. B Concept 2: three straight SMA
wires, programmed for the TWSME, are attached with their ends to two discs. C Concept 3: three SMA
springs, programmed for the TWSME, are attached with their ends to two discs. D Concept 4: three
SMA springs, programmed for the OWSME, are attached with their ends to two discs. A central bias
spring is implemented for recovery of the original position.

3.6.1 Concept 1: TWSME SMA wires enclosed in a PTFE tube

The first concept can be seen in figure [A. In this concept, three SMA wires are enclosed inside a tube.
A similar design has been made by Padasdao et al [I]. In this design, the wires don’t make direct contact
with the tissue, thereby preventing thermal tissue damage. Furthermore, the wires are looped back at the
tip of the manipulator. This causes the bending forces of the manipulator to be doubled, and ensures that
the wires can easily be connected to a positive and negative current at the bottom end of the manipulator.
The inner radius of the shell is 1 mm, the outer radius of the shell is 2 mm. The diameter of a SMA wire
is 0.25 mm. The soft material can be made of Nylon or PTFE (Teflon). The wires will be programmed
for the TWSME.

3.6.2 Concept 2: TWSME SMA wires attached to discs

The second concept can be seen in figure [@B. One segment of the surgical manipulator consists of two
discs of 1 mm thick. The diameter of a disc is 2 mm, with a central hole of 1.2 mm. Through this hole,
a camera or a small tube can be inserted. The actuators are 3 straight SMA wires, which can achieve a
strain up to 8% [33]. The springs will be programmed for the TWSME.
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3.6.3 Concept 3: TWSME SMA springs attached to discs

The third concept can be seen in figure [IC. This concept is very similar to concept 2, however, the three
straight wires are replaced by three SMA springs. The diameter of the discs is enlarged up to 4.4 mm,
with a central hole of 1.2 mm. Due to the spring shaped form, a larger stroke can be achieved than with
straight wires. The springs will be programmed for the TWSME.

3.6.4 Concept 4: OWSME SMA springs with a bias spring attached to discs

The last concept can be seen in figure D. This design consists of three OWSME SMA springs and one
central bias spring made of stainless steel. When one SMA spring is heated it will contract, pulling the
surgical manipulator to that direction. The spring will stop contracting when it has reached its austenite
phase. When no current is supplied anymore, the spring will cool down again. The spring will be pulled
back to its previous (stretched out) form, due its own elastic recovery and to the recovering force of the
central bias spring.

In order to investigate if the bias spring in this concept is able to recover the position of the OWSME
SMA springs, the following calculations are made. Yili Fu et al. designed a model for calculating the
bending angle when a central bias spring is implemented (see figure E[) [34]. This mechanical model is
expressed with the use of the model of H. Liu [35]. The output force of the SMA coil spring is equal to:

EI0
F =
el

(1)

where EI is the bending stiffness of the bias spring, € is the bending angle, e is the offset of the SMA
spring from the centre of the bias spring and L is the length of one bending unit.

The critical shear stress for a SMA coil spring actuator is equal to 183 MPa [31]. Knowing the critical
shear stress value, the maximum force exerted on the SMA spring can be calculated using the following
formula [36]:

8FD  4AF 5
T B + wd? 2)
where 7 is equal to the critical shear stress, F is equal to the force exerted on the spring, D is the diameter
of the spring (1.5 mm) and d is the diameter of the spring wire (0.25 mm). From equation [2] a maximum
force of 0.69 N is calculated.
The length on one bending segment is equal to 10 mm, and the offset of the SMA spring from the centre
of the bias spring is 1.5 mm. From equation [} it follows that the bending stiffness of the bias spring
should be equal to 0.69 Nmm? to achieve a bending angle of 15°.

In order to calculate the bending stiffness of the bias spring, it is assumed that the bias spring is equivalent
to a slender bar of the same length when bending laterally. Using this assumption, the equivalent bending
rigidity of spring is given by:

Ed*L
= T TV (3)
32(2+ u)DN
where E is the material’s elastic modulus, and g is the materials poisson ratio. For the material of the

bias spring, stainless steel has been chosen. The elastic modulus of stainless steel is equal to 190 GPa
and the poisson ratio is equal to 0,265 [37].

The diameter of the wire, diameter of the spring and the number of coils can be changed to achieve an
bending stiffness of 0.69 Nmm?. Following this formula, the bias spring should be designed with a large
amount of coils, a large spring diameter or a small wire diameter. Since such a spring is difficult to design,
this two-way actuation method is not preferred.

10



8 METHODS Bsc. Thesis Welmoed Tjepkema

(a) r
Link 2~
SMA actuator
Bias spring ~
: s 1
Link 1 1
“‘\\' i
T

Figure 9: Schematic of a model with a central bias spring and a SMA spring. L is the original length a
single SMA actuator, L’ is the length when the SMA actuator is contracted, 0 is the bending angle and
r is the distance of the axis of the bias spring from the axis of the SMA actuator.

3.6.5 Concept selection

A final design is chosen from the previously described concepts. This is done by assigning weight factors
to the required functions of the design, with numbers between 1 and 5. Here, the number 1 stands for a
lesser important criteria and 5 stands for a very important criteria.

The concepts will be rated with grades between 0 and 5, where 0 means that the design does not complete
the requirement and 5 means that the design completely fulfills the requirement. The concept grading
can be seen in table [d The total points for an concept can be calculated be multiplying each grade
with the weight factor for that criteria, and adding all these points for the total result. An calculation
example: concept 1 scores 3 points on the criteria ’achievable bending angle’. This criteria has a weight
factor of 5 points, so concept 1 scores in total 15 points for this criteria.

Table 4: Concept grading

Criteria Weight factor  Concept 1 Concept 2 Concept 3 Concept 4
Achievable bending 5 3 3 4 4
angle

Achievable recovery 5 4 4 4 1
Recovery time 4 4 5 5

Easy fabrication 2 2 2 2 3
method

Low cost assembly 1 2 3 3 4
Easy actuation 3 5 4 4 4
Multiple shapes pos- 2 2 5 5 5
sible

Size 2 5 5 4 4
Total X 86 94 97 85

11
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4 Results

Based on the weight grading from table [d] the final design for the surgical manipulator is based on
concept 3. A SolidWorks model of how multiple segments can be inserted next to each other to form
a whole surgical manipulator can be seen in figure A sheet of silicon rubber (with a thickness of
0.1 mm) has been wrapped around the segments to prevent the hot SMA springs from touching the
surrounding tissues. The inner tube is made of silicon rubber and has a thickness of 0.1 mm and an outer
diameter of 1.2 mm. In this design, the electrical wiring has been left out. One segment of the surgical
manipulator consists of two discs of 1 mm thick (which can be printed with a stereolithography printer
from the University of Twente, using resin). The springs can be attached to the discs with adhesive or
by automated crimping (in pocket-, concentric-, bended- and pressed on-form) [38]. The best way to
sterilize the silicon rubber tube after usage is by ethylene oxide sterilization (EtO) treatments, which in
comparison to Gamma Ray sterilization and steam autoclave has the least effect on the properties of the
surgical manipulator [39].

SMA spring innertube disc  outer tube

P > \ A .
- QOCLLEEEr Q0TI 0QUTINa
QL R A0

Figure 10: Final design of the surgical manipulator, based on concept 3. Three segments are placed next
to each other, the whole surgical manipulator is covered with a silicone rubber shell to prevent the hot
SMA springs from getting in contact with the surrounding tissue.

4.1 Comsol simulations of the shape memory effect

Simulations of the final model have been made in a finite element software. Comsol and Abaqus were
compared during this study, eventually Comsol was chosen because this software is used more in the
Surgical Robotics Lab. In Comsol the module ’Shape memory alloys’ has been used to model the pseu-
doelasticity and the shape memory effect of Nitinol. The material properties of Nitinol (in its austenite
and martensite phase), silicone rubber and resin can be found in table[7] [8| and [9 respectively in Appendix
B.

The properties of Nitinol are dependent on the alloy composition and the fabrication method. In litera-
ture there exist many different values for the Young’s modulus and the thermal conductivity for Nitinol.
The values from table El are primarily based on the study of Veldquez and Pissaloux [40] and Sung-Min
An et al [31]. Here, the Martensite phase finishes at 315K [42°C], starts at 325K [52°C] and the austenite
phase starts at 341K [68°C] and ends at 351K [78°C].

To investigate the transition from martensite to austenite phase in the shape memory effect, the austen-
ite volume fraction is plotted in Comsol (which uses the model of Lagoudas [I1]) and is theoretically
calculated using the model of Liang and Rogers, which is described in equation El [40):

0, T>Af
¢ = %[cos(w}f__fi) +1] Ay <T < Ay (4)
1, T < A,

In ﬁgurethese two models are compared. The model of Lagoudas (in Comsol) has a more linear relation
than the model of Liang and Rogers. The input conditions for this Comsol simulation can be found in
table [I0] in Appendix B. As can be seen in the figure, the percentage of the austenite volume fraction
is dependent on the temperature. In between the martensite starting temperature and the Austenite
starting temperature is a state where both phases can coexist. In this figure, the hysteresis between
cooling and heating can also be seen [2].

12
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Figure 11: Comparison between the calculated percentage austenite volume with the Lagoudas (Comsol)
model and with the model of Liang and Rogers. Mg, My, Ag and A stand for the martensite and austenite
start and finish temperatures respectively.

4.2 Shear stress and maximum displacement

The critical shear stress for a SMA coil spring actuator is equal to 183 MPa [31]. Using equation [2} a
maximum force of 0.69 N is calculated. With the force, the possible displacement can be calculated [36]:

y:E (5)

where k is the spring coefficient. K can be calculated using the following formula [36]:

d*G

=8N ©

where G is equal to the the shear modulus (18.26 GPa in austenite phase [31]), and N is the number of
coils of the spring (in this model N = 10).

As can be seen from formula [5] and [6] the displacement of the spring is dependent on the diameter of
the spring and wire, and the number of coils. As can be seen in figure a spring diameter of 3 mm
can even result in a stroke over 100%. For the wire of this model a diameter of 0.25 mm and a spring
diameter of 1.5 mm has been chosen. This results in a maximum displacement of 2.61 mm.

When one spring contracts, the springs on the opposite side will be stretched out a little. To prevent
the spring from stretching out too much and thereby crossing the critical stress limit, the maximum
contraction of a spring is limited to 2.20 mm.

With the maximum displacement decreased and the springs implemented in the model, the maximum
shear stress in Comsol can be calculated. The input for this Comsol simulation can be found in table
in Appendix B. The calculated shear stress of the model is dependent on the mesh in Comsol. The finest
mesh the computer could calculate was extra fine, which gave a maximum shear stress of 134 MPa, as
can be seen in figure

13
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Figure 12: Influence of the diameter of the Figure 13: Comsol model of the total shear
spring on the stroke. stress, when spring 1 and 2 are actuated.

4.3 Achievable bending angle

Bending angles could be calculated in Comsol by applying applying a displacement of the calculated
2.20 mm on each of the actuators. The spring is stretched out in the martensite phase, and compressed
(from a total length of 10 mm to 7.80 mm) in the austenite phase. The input for this Comsol simulation
can be found in table [I1]in Appendix B. The achievable bending angles with and without silicon rubber
tube after one working cycle are shown in table[5l The average bending angle of the surgical manipulator
without a silicon rubber tube is between 21.09° and 22.65°. The bending angles for a surgical manipulator
which is covered with a silicon rubber tube is between the 12.54° and 13.60°. In figure [14] and figure
the simulations of the possible displacement of the surgical manipulator in Comsol are shown.

In this design, the SMA springs are programmed for the TWSME. Literature showed that for a SMA
spring, the recovery rate after 200 working cycles is decreased to 60%. After 1000 working cycles, the
TWSME reaches a stable recovery rate of 45% [41].

Table 5: Achievable bending angels with and without silicon rubber tube after 1 working cycle.

Actuator Without tube With tube
1 21.09° 12.75°
1 and 2 22.47° 13.60°
2 21.33° 12.87°
2 and 3 21.33° 13.09°
3 21.14° 12.54°
Jand 1 22.65° 13.16°
Surface: Displacement field, X component (mm) o Surface: Displacement field, X component (mm) o
Azl a2zl

L’ Y v.0.01 L’ Y v -0.002
Figure 14: Comsol simulation of displace- Figure 15: Comsol simulation of displace-
ment of the surgical manipulator without sil- ment of the surgical manipulator with silicon
icon rubber tube. rubber tube.
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4.4 Joule heating effect

The SMA springs are actuated through the joule heating effect. The resistance of a wire is dependent on
the kind of material and the diameter of the wire. When Joule heating is applied, the power of heating
generated is equal to the product of the square of the current and the resistance [40] [42]:

P=TI’R (7)
The resistance can be calculated as follows [42]:
R=pL/A (8)

where p is the resistivity of the material, L is the length of the wire and A is the area of the wire. The
area of the wire can be calculated as follows:

A = 71d? (9)

Here d is the diameter of the wire [42]. Following this formula, the cross-sectional area of the wire is
equal to 0.05 mm?2. The length of the wire can be calculated using the following formula:

L =n\/C?+p? (10)

where C is equal to Dm and p (the pitch) is equal to height of one segment divided by the number of
coils, which is equal to 1 mm. Using this formula, the length of a SMA spring is equal to 48.17 mm.

The electrical resistivity is equal to the inverse of the electrical conductivity, which is equal to 8e-4 Qmm
for the martensite phase and le-3 Qmm for the austenite phase. The resistance of the SMA spring in
martensite and austenite phase can be calculated using equation [8 which results in 0.77Q and 0.96
respectively. Using equation |7} the power of heating for the martensite phase is equal to 0.069 J/s and
for the austenite phase 0.086 .J/s.

The difference in temperature in the SMA spring can be calculated with the power of heating as follows:

< (11)

mC)p

dT =

where m is the mass of the spring (=1.24e-5 kg) and C), is the heat capacity of Nitinol, which is 320
J/(kgK).

The temperature after a certain amount of time is equal to the original temperature (298 K) plus the
temperature difference. The effect of joule heating on the temperature of the SMA spring over time can
be seen in figure For these calculations, a current of 0.30A has been chosen. An increase in current
results in a faster heating time. During the process of joule heating, the wires cool down simultaneously
by convection. A more accurate simulation of the joule heating effect in Comsol can thus be seen in figure
[[7 For these simulations, a current of 0.55A has been applied through the spring. The SMA reaches
its austenite finish temperature (of 351K) within 1.7 seconds. The input conditions for Comsol for these
simulations can be found in table [12|in Appendix B.
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4.5 Cooling phase of SMA

In surgery, a long operating time is undesirable. Therefore, in the design of an actuator composed of
shape memory materials, it is important to consider the recovery time. Normally, cooling of the material
takes places by natural convection or conduction. To speed up the recovery time, a cooling system can
be added in the design. The time it takes for the material to cool down and go back to its deformed
state is dependent on multiple parameters, like the size and the shape of the actuator. The diameter of
the wire is also important, as actuators with a small diameter heat up faster due to a higher resistivity
and cool down faster because they have a higher surface-to-volume ratio [7]. The effect of the diameter
of the wire can also be seen in table [] in appendix A of this paper, based on the NiTi from Dynalloy
[19]. Besides shape and size of the actuator, the response time is also dependent on the stress applied
on the material and the loading conditions [I0]. Suitable methods to cool a SMA material are fluid flow
and heat sinking [I0]. Fluid flow has for example been applied in the design of a novel artificial muscle,
where the SMA spring bundle was heated and cooled with hot and cold water [43].

To investigate if a extra cooling system is necessary to design in the surgical manipulator, some thermo-
dynamic calculations are made for a simplified model of the manipulator. A shape memory alloy can lose
heat by radiation, conduction or convection. Under the temperature of 100 °C, radiation can be ignored
7.

The heat transfer through the surgical manipulator can be modeled by a series of resistors, as can be
seen in figure For simplification, the design has been modeled as a straight wire in a cylinder of air,
which is surrounded by a layer of silicon rubber.

The resistance of the air can be modeled as [44]:

R o] 12
air — m ( )
where 73 is the inner radius of the silicone rubber shell (=2.2 mm), 7y is the radius of the SMA wire
(=0.125 mm) and K, is the thermal conductivity of air (=2.4e-4 W/mmK). Using this formula, it follows
that the heat resistance of air is equal to 1901.83 K/W.
The heat resistance of the silicon rubber can be modeled in a same way:

In3

Rru er — = 13
e T or K, L (13)

where 73 is the outer radius of the silicon tube (=2.3 mm), and Kj is the thermal conductivity of silicon
rubber (=2.2e-4 W/mmK). It follows that the heat resistance of rubber is equal to 3.22 K/W.

The resistance as a consequence of convection between the silicon rubber and blood (which for now will
be modeled as water) can be calculated using the following formula [44]:

1

Rcon'u =7
hA

(14)
where h is the heat transfer coefficient of water (=1e-3 W/mm?2K) and A is the surface area of the silicon
tube (=144.51 mm?). It follows that the heat resistance by convection is equal to 6.92 K/W.

The total heat resistance is equal to the sum of the resistance of air, rubber and convection, which is
1911.97 K/W in total. Given that the mean temperature is of blood is 310 K, the steady rate of heat
loss can be calculated by dividing the temperature difference between the austenite finish (=351 K) tem-
perature and the temperature of blood by the total resistance, which gives a heat loss of 0.021 W.

The temperature difference due to the presence of air is equal to the product of the heat loss times the
resistance of air, which is 40.8 K. Due to the joule heating effect, the temperature of the air will thus
become 351-40.8 = 310.2K. The martensite phase will start not start till 341 K, so an additional cooling
system does not have to be implemented.

Without a silicon tube, the total heat resistance will be equal to the heat resistance which occurs due
to convection between the SMA wire and blood. Following from equation [I4] and implementing the heat
coefficient of NiTi (= 94.96 *10~6 W/mm?) and surface area of the wire (=7.85 mm?), gives a resistance
of 1341.50 K/W. The steady heat loss than becomes 0.031 W.

16



4 RESULTS Bsc. Thesis Welmoed Tjepkema

The cooling down time of a SMA spring can be calculated using the following formula:
T =Ty + (T — To)exp(—) (15)
where T is the environment temperature (=298K), X is equal to:

Ah

A= Vo (16)
In this equation, h is the heat transfer coefficient for NiTi, p is the density of NiTi (=6450kg/m?) and
C' is the heat capacity of NiTi (=320J/(kgK). The surface area (A) is read from the SolidWorks model,
which is equal to 31.32 mm?. The comparison between the cooling down time of the spring in Comsol and
the cooling down time calculated with equations|L5|and [L6|can be seen in figure The input conditions
for the Comsol simulations of the cooling down time can be found in table in Appendix B. As can
be seen in figure it takes about 6 seconds for the SMA spring to cool down from its austenite finish
temperature (of 351K) to the environmental temperature (which in this case is equal to the temperature
of blood, which is on average 310K).
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Figure 19: Comparison between theoreti-

cal calculations and Comsol simulations of
the cooling down time of a SMA spring in
air.

Figure 18: Schematic of simplified model
for thermodynamic calculations.
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5 Discussion

In this study a new design for a surgical manipulator has been proposed with the use of smart materials.
The requirements for the design have been met as closely as possible. In this section, the requirements
and achieved results will be discussed, as well as some applications for this design will be given.

5.1 Achieved bending angle

The first requirement was that the surgical manipulator should be able to bend in all directions. The
final design of this study is not able to bend in all directions, it can however bend in 6 different directions
from the original position by activating one or two SMA springs through joule heating. Changing the
amount of current which runs through the wire would only affect the reaction time. Bending angles
between 21.09° - 22.65° and 12.54° - 13.60° for a 10 mm long segment of surgical manipulator without
and with a silicon rubber tube wrapped respectively around could be achieved. The addition of a silicon
rubber tube decreases the achievable bending angle significantly (by almost 10°). It also contributes to
an increase in the stress of the surgical manipulator. The thickness of the silicone tube could be further
decreased from 0.1 mm to 7.5 pm [45].

5.2 Position recovery after bending of the surgical manipulator

The second requirement for the surgical manipulator was that it should be able to be used for multiple
times. It is thus important that the segment is be able to recover back to its original form after it has
been activated. The final design is able to recover back to its original position, when the SMA springs are
programmed for the TWSME. The recovery rate of the TWSME decreases with the number of working
cycles. After 200 working cycles a recovery rate can be achieved up to 60% and the recovery rate reaches
a stabilization of 45% after more than 1000 working cycles. This will cause the bending angle of one
segment of the surgical manipulator without a silicone rubber cover to decrease to an average of 13.12°
and 9.84° after more than 200 and 1000 working cycles respectively. For a surgical manipulator with a
silicone rubber cover, the average bending angle decreases to 7.84° and 5.88° after more than 200 and
1000 working cycles.

5.3 Size

The third requirement for the surgical manipulator is that its diameter should be as small as possible,
preferably under the 10 mm. The diameter of the surgical manipulator with silicone rubber cover is equal
to 4.6 mm. It is furthermore possible to reduce the diameter of the surgical manipulator even further, by
leaving out the links of the design, and attaching the components directly to the inner tube with adhesive
[25].

5.4 Reaction time

The fourth requirement for the design was a not too slow, but also a not too fast reaction time of the
manipulator. When a current of 0.55A is run through the SMA springs, a spring can achieve the austenite
finish temperature of 351K within 1.7 seconds. By changing the amount of current running through the
SMAs, the actuation time of the springs can be speeded up or slowed down.

In section 4.5 of this thesis, the impact of an silicone rubber cover on the heat distribution of the surgical
manipulator has been investigated. The addition of a silicone rubber cover to the surgical manipulator
decreases the heat loss from 0.031 W to 0.021 W. The temperature of the air surrounding the SMA wire
will heat up to 310.2K. This is however not enough to heat up the other SMA wires to their austenite
starting temperature (which is equal to 341K). An additional cooling system does not have to be imple-
mented in the design. The cooling down time of a single SMA spring was modeled in Comsol. It takes
about 6 seconds for a SMA spring to cool down from its austenite finish temperature to the temperature
of the environment (which is 310K in the simulations, the temperature of blood).

The calculations were based on a model with a straight SMA wire in an empty segment surrounded by
a silicon rubber tube. This is however not completely aligned with the final design model. Furthermore,
heat transfer through conduction through the link has not been investigated. The design of a more
accurate thermodynamical model was outside the scope of this study, if however it turned out the that an
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additional cooling system is necessary, the design should be slightly adjusted. The heating of the wires
through joule heating could be exchanged for heating the wires through the Peltier effect. Furthermore,
the thickness and shape of the silicon tube could be adjusted or fins could be added. Other ways to
increase the cooling rate could be by forced-air convection, oil cooling or water cooling [40] [19].

5.5 Fabrication

The last requirement for the design was that the model should be easy to fabricate with low assembly
costs. The design uses SMA springs which are programmed for the TWSME. The TWSME is in general
more difficult to produce and more expansive than SMA springs programmed for the OWSME. The
TWSME requires a lot of training and equipment, it is therefore recommended to contact companies
which custom produce SMAs in spring form with the TWSME. Examples of these companies are Dy-
nalloy, Kelloggsresearchlabs and Biometal fiber. In general is a biometal fiber more flexible than flexinol
(from the company Dynalloy) [I0]. Each company has its own way of programming the material for the
OWSME and the TWSME. Producing the TWSME is the hardest and most expensive part of producing
this design of the surgical manipulator. It has however still the preference over the OWSME, because
better recovery of the original position of the surgical manipulator can be achieved.

To cover the surgical manipulator with the silicone tube, the tube first has to be swelled in liquid n-
hexane. Once the tube is swelled, the surgical manipulator is inserted into the tube. After this, the
silicone tube is dried at room temperature rapidly, causing the tube to shrink. This will cause the tube
to be strangled to the discs of the surgical manipulator [45].

As mentioned in section 4 'Results’, the SMA springs can be attached to the discs with adhesive or by au-
tomated crimping (in pocket-, concentric-, bended- and pressed on-form) [38]. The discs can be attached
to the inner tube by using non-conductive epoxy (for example from Torr Seal, Varian Vacuum Products)
[45]. The discs can be printed with a stereolithography printer from the University of Twente, using resin.

The wires will be heated up through joule heating. In the current design, electrical wiring has been left
out. To implement electrical wiring for all segments of the surgical manipulator, holes in the disks should
be designed where the wires can run through.

5.6 Application

This design can be used for multiple usages in surgery. One example is for micro-endoscopy, by adding
a small camera which runs through the inner tube. An example of such a camera can be the Misumi
color CMOS camera B1000 [46]. The diameter of this camera is 0.91mm, the camera length itself is 1.168
mm and the diameter of the tube is 0.65mm. The addition of a camera to this surgical manipulator will
however contribute to the overall stiffness of the tube, which can result in an decrease in the achievable
bending angle.

Another application of this surgical manipulator can be to serve as a catheter. By adding multiple
bending segments next to each other, different shapes of the manipulator can be achieved. This design for
a new surgical manipulator enables easier steering of the catheter in comparison to traditional catheters.
Difficult located anatomical structures are therefore easier to reach than with traditional catheters.
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6 Conclusion

In this study a new design for a surgical manipulator has been proposed with the use of smart material. A
new design is needed to better facilitate the in-use bending of surgical manipulators. To achieve this, the
working mechanisms for both shape memory alloys and shape memory polymers have been investigated.
Due to its material properties, SMAs have been chosen as actuators for the final design. The wires are
heated up through joule heating and trained to exhibit the two way shape memory effect. Four concepts
were designed in this study, from which one design consisting of two discs and three SMA springs has
been chosen as the final design.

With a critical shear stress of 183 MPa, a maximum displacement of 2.61mm for a 10 mm long spring
could be achieved. This resulted in bending angels between 21.09° - 22.65° and 12.54° - 13.60° for the
surgical manipulator without and with a silicon rubber tube wrapped around respectively. These bend-
ing angels account for a 10 mm long segment, when multiple segments are placed next to each other
greater bending angles will be possible. The wires are trained for the two way shape memory effect, so
that a recovery rate after 200 working cycles can be achieved up to 60% and the recovery rate reaches a
stabilization of 45% after more than 1000 working cycles.

The total diameter (with silicon rubber tube) is 4.6 mm, which is below the requirement of 10 mm. The
SMA springs can be heated up to the austenite finish temperature within 1.7 seconds at a current of
0.55A, and cool down in 6 seconds to the environmental temperature. The proposed design meets most
of the set requirements. Where requirements weren’t met, alternatives have been proposed as future work.

This design can be used for multiple applications in surgery. One example is for micro-endoscopy, by
adding a small camera which runs through the inner tube. Another application of this surgical manip-
ulator can be to serve as a catheter. This design for a new surgical manipulator enables easier steering
of the catheter in comparison to traditional catheters. Difficult located anatomical structures are there-
fore easier to reach than with traditional catheters. With this design, tissue traumas due to inaccurate
steering of traditional surgical tools will be decreased and the total operation time will be shorted.
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Appendix

A. Influence of diameter size of a SMA wire

Table 6: Properties of the SMA wires (Dynalloy)

Diameter Size (mm) Force (N) Cooling Time 70 °C (s)  Cooling Time 90 °C (s)
0.025 0.0089 0.18 0.15
0.038 0.02 0.24 0.2
0.050 0.36 0.4 0.3
0.076 0.80 0.8 0.7
0.100 1.43 1.1 0.9
0.130 2.23 1.6 1.4
0.150 3.21 2.0 1.7
0.200 5.70 3.2 2.7
0.250 8.91 5.4 4.5
0.310 12.80 8.1 6.8
0.380 22.50 10.5 8.8
0.510 35.60 16.8 14.0
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B. Input conditions for the Comsol simulations

Table 7: Comsol material properties of NiTi

Property Martensite value Austenite value
Thermal conductivity [47 8.6 W/(m K) 18 W/(m K)
Heat capacity at constant pressure  [40] 320 J/(kg K) 320 J(kg K)
Young’s modulus [31] 16.26 GPa 42.55 GPa
Electrical conductivity [48] 1.25e6 S/m 1.00e6 S/m
Relative permittivity 1 1

Density [48] 6450 kg/m?> 6450 kg/m3
Poisson ratio [48] 0.33 0.33

Table 8: Comsol material properties of silicone rubber

Property Value
Young’s modulus [49] 3 MPa
Poisson’s ration [50] 0.49

Density [49] 1250 kg/m?
Table 9: Comsol material properties of resin

Property Value

Young’s modulus 51 1.6 GPa

Poisson’s ration (2] 0.35

Density

53] 1050 kg/m?

Table 10: Comsol simulation input for the austenite volume fraction plot on a SMA spring (results shown

in figure

Condition Value

Initial strain -0.22

Shape memory alloy Temperature parametric sweep (300:1:360)
Shape memory alloy reference temperature 298 K

Shape memory alloy transformation tempera-
tures

K

Shape memory alloy slope of martensite and 7.4 MPa/K
austenite curve [15]
Mesh Fine

Table 11: Comsol simulation input for shear stress (shown in figure and displacement (shown in figure

and figure calculations on final design

Condition Selected component Value
Initial strain selected actuator -0.22
Fixed contraint bottom of the lower segment and

inner tube
Mesh for displacement - Fine
Mesh for shear stress - Extra fine
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Table 12: Comsol simulation input for plotting of the joule heating effect (shown in figure [16| and figure
on a SMA spring)

Condition Value

Initial strain -0.22

Shape memory alloy Temperature Temperature (ehm 1)

Parameter T,,p 298 K

Shape memory alloy reference temperature Tamb

Shape memory alloy transformation tempera- Ms=325 K; M; = 315 K; A,= 341 K; Ay = 351
tures K

Shape memory alloy slope of martensite and 7.4 MPa/K

austenite curve [15]

Parameter Tin 0.3 A (figure or 0.55 A (figure
Electric current Terminal Iin

Convective heat flux coefficient (for figure 94.96 W/(m?K)

Convective heat flux external temperature (for Ty

figure

Mesh Fine

Table 13: Comsol simulation input for plotting of the cooling down time (shown in figure [19[on a SMA
spring)

Condition Value

Initial strain -0.22

Shape memory alloy Temperature 351 K

Parameter Ty, 310 K

Shape memory alloy reference temperature Tamb

Shape memory alloy transformation tempera- Ms=325 K; M; = 315 K; A,= 341 K; Ay = 351
tures K

Shape memory alloy slope of martensite and 7.4 MPa/K
austenite curve [15]

Convective heat flux coefficient (for figure 94.96 W/(m?K)
Convective heat flux external temperature (for Tiymp

figure

Mesh Fine
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