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Abstract

Since shape memory alloy (SMA) has high power density and is magnetic resonance imaging
(MRI) compatible, it has been chosen as the actuator for the meso-scale minimally invasive
neurosurgical intracranial robot (MINIR-I1) that is envisioned to be operated under continuous
MRI guidance. We have devised a water cooling strategy to improve its actuation frequency by
threading a silicone tube through the spring coils to form a compact cooling module-integrated
actuator. To create active bi-directional mation in each robot joint, we configured the SMA springs
in an antagonistic way. We modeled the antagonistic SMA spring behavior and provided the
detailed steps to simulate its motion for a complete cycle. We investigated heat transfer during the
resistive heating and water cooling processes. Characterization experiments were performed to
determine the parameters used in both models, which were then verified by comparing the
experimental and simulated data. The actuation frequency of the antagonistic SMAs was evaluated
for several motion amplitudes and we could achieve a maximum actuation frequency of 0.143 Hz
for a sinusoidal trajectory with 2 mm amplitude. Lastly, we developed a robotic system to
implement the actuators on the MINIR-II to move its end segment back and forth for
approximately +25°,
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1 Introduction

Brain tumor is one of the leading causes of cancer deaths in the US (American Brain Tumor
Association, 2015) and has a significant effect on the quality of life of an individual. Since
magnetic resonance imaging (MRI) provides excellent soft-tissue contrast, we envision a
combination of continuous MRI modality and a dexterous meso-scale robot with
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electrocauterization capability can lead to potentially real-time MRI-guided neurosurgical
procedure. It will be more desirable than the current intraoperative MRI-guided surgery
involving switching of either the patient or the machine between the MRI room and the
operation room in a specially-designed surgical theatre (Spectrum Health, 2015). The
possibility of employing an MRI-compatible robot for neurosurgery (Ho and Desai, 2013)
that is low-cost and potentially disposable after single use, requires the development of an
MRI-compatible actuator, whereby the actuator can be controlled at a sufficiently higher
frequency.

MRI compatible actuation methods include pneumatic actuation (Yang et al., 2013),
hydraulic actuation (Kim et al., 2002), piezoelectric actuation (Wang et al., 2009), and shape
memory alloy (SMA)-based actuation (Ho et al., 2015). Pneumatic system is safe, clean, and
easy to implement but the noise and bulkiness of the system, and the difficulty in achieving
smooth motion make it unsuitable for a meso-scale robot for neurosurgery. Hydraulic system
can provide steady transmission, significant force and large range of displacement (Kim et
al., 2002). However, it poses the risk of cavitation and fluid leakage. Piezoelectric motors are
used in MRI environments due to its high precision and reliability in performance. However,
high cost of piezomotors coupled with the requirement of multiple motors for a multi-DOF
robotic system could make it cost prohibitive. Hence, in our current work, we have focused
on developing a neurosurgical robot with SMA actuators.

SMA has been researched in the past thirty years with various constitutive models being
proposed to simulate its behavior and improve its control. Creative applications have made
use of the SMA’s shape memory effect and superelastic behavior in various geometric forms
such as wires (Tamai and Kitagawa, 2002), strips (Lagoudas et al., 1997), rods (Thompson
and Griffin, 1993), films (Krulevitch et al., 1996), springs (Kim et al., 2014) and tubes (Ng
and Sun, 2006). Both academia and industry have made use of the SMA’s inherent
properties such as lightweight, low-cost and high power density in several product
applications. Additive manufacturing, such as selective laser sintering (SLS) and electron
beam melting (EBM), also allows the production of porous NiTi structures which are used as
implants in orthopedic surgery (Elahinia et al., 2012). The low cost involved in developing
an SMA actuator allows the product to be disposable, leading to increased interest from the
medical and industrial communities. Despite the multiple advantages of the SMA, there are
a few drawbacks that need to be addressed so that the SMA can be fully taken advantage of
as an actuator for a neurosurgical robot. These include the non-linear properties during phase
transformation, the effect of thermomechanical cycles on the resultant stress and strain, and
most importantly the slow actuation speed due to the low cooling rate under natural cooling
by the surrounding air. A cooling strategy is required to transform the SMA from its heated
austenite phase to the martensite phase at room temperature as soon as possible, so as to
improve its actuation speed in an antagonistic setup.

The minimally invasive neurosurgical intracranial robot (MINIR) project began with the
vision of developing a meso-scale neurosurgical robot with multiple degrees of freedom to
remove brain tumor under continuous MRI guidance. In our initial work, we developed a
brass alloy 360 MINIR prototype with nine revolute joints, each of which was actuated by
antagonistic SMA wires (Ho et al., 2011, 2012). This is followed by a rapid prototyped
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MINIR actuated by tendon-sheath mechanism (Ho and Desai, 2012; Ho et al., 2015). We are
currently investigating a tendon-driven spring-based continuum robot, namely MINIR-II, to
improve the compactness and dexterity of the robot during neurosurgery (Cheng et al., 2015,
In Press; Kim et al., 2015; Kim and Desai, 2015). The robot has an inner spring backbone
that is divided into three segments and a continuous outer spring to maintain the rigidity and
shape of the robot. Each segment has two degrees of freedom (DoFs) (i.e. pitch and yaw),
actuated by two pairs of antagonistic SMA springs via tendons.

The MINIR-II robot uses electrocautery to coagulate the brain tumor which can then be
aspirated. Generally, an electrocauterization procedure in neurosurgery is carried out at a
relatively slow pace. The linear piezoelectric actuator on the ROBOCAST system advances
the biopsy probe at a velocity of 2 mm/s (Comparetti et al., 2011). The neuroArm, also
actuated by piezoelectric motors, has a tip speed of 0.5-5 mm/s (Louw et al., 2004). In a
robot-assisted ventriculostomy, the endoscope is moved at speeds between 0.5-2 mm/s
(Zimmermann et al., 2004). A piezoelectric-motor actuated needle designed for
neurosurgery was inserted and manipulated at speeds between 0.5-2 mm/s and it was found
that an increase in speed would increase resistant force but reduce tissue deformation (De
Lorenzo et al., 2011). It is important to recognize that the actuation frequency of the
piezoelectric motor can reach thousands of Hz but it is not required during neurosurgery. We
can conclude that both the movement speed of a cautery probe in brain tissue and the speed
of electrocauterization process are in the range between 0.5 and 5 mm/s. Therefore, we want
to make sure that our neurosurgical robot actuated by the SMA springs has sufficient
frequency available to the surgeon during the surgery.

Several SMA cooling methods such as fan cooling (Lewis et al., 2013), water-jet cooling
(Zhang et al., 2008), mobile heat sink (Russell and Gorbet, 1995), Peltier effect (Luo et al.,
2000; Selden et al., 2004) and wet actuator (Ertel and Mascaro, 2010) have been proposed in
the literature. The water-jet cooling of a moving SMA was investigated to explore its
potential use in the field of microelectromechanical system (MEMS) and it was found that
the shape deformation of the actuator increases with increased jet speed and decreases with
increased nozzle-to-surface distance (Zhang et al., 2008). Peltier effect was also used to
create an SMA actuator with high frequency response. The SMA wire cooled down within
1s (0.5 A current supplied) to 3s (1.5 A current supplied) after getting heated for 1s (Luo et
al., 2000). A mobile heat sink with an innovative friction clutch mechanism was developed
without an increase in energy loss or power consumption (Russell and Gorbet, 1995). Media
such as compressed air (Kim et al., 2014), thermal grease (Loh et al., 2006; Pathak et al.,
2008) and water (Ertel and Mascaro, 2010; Pathak et al., 2008) have also been used for
various research involving SMA wires and springs. However, a compact design that
integrates the cooling mechanism with the SMA is still not available. The focus of this paper
is to address this particular shortcoming by building upon the wet actuator concept (Ertel
and Mascaro, 2010) of using water as the cooling medium and applying it to the SMA spring
instead of the SMA wire. We are able to maintain the compactness of the spring actuator
through routing of a soft tube over each spring coil. Electrical heating is used to actuate the
SMA spring so that power is not wasted on maintaining the hot water temperature in a wet
actuator system.
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The paper is divided into several sections: Section 2 introduces the cooling module
integrated with the SMA spring to improve the SMA actuation frequency through forced
convection. Section 3 discusses the derivation of the phenomenological model for
antagonistic SMA springs and the characterization experiments to determine the model
parameters. Section 4 discusses the heat transfer model during the heating and cooling
processes of the SMA spring wire as well as the characterization experiments to determine
various thermal parameters. In section 5, we discuss two different experimental setups to
evaluate the behavior and performance of antagonistic SMA springs, and implement the
actuators on MINIR-I1I. Section 6 presents the simulation steps and result of antagonistic
SMA spring behavior, and the simulation result of the heat transfer model. We also discuss
the actuation frequency of the SMA springs and implementation of the actuators on MINIR-
I1. Finally, in section 7, we summarize our work and provide insights into related future
works.

2 Design of an SMA Spring Cooling Module

The wet SMA actuator introduced by Ertel and Mascaro (Ertel and Mascaro, 2010) was an
SMA wire placed in a compliant tube that changed its longitudinal shape with the SMA
when it was heated by flowing hot water through the tube (Ertel and Mascaro, 2010). Cold
water was then passed through the tube to cool the SMA wire. Similarly, our proposed
cooling strategy uses water as the cooling medium. The main design objectives of our
cooling strategy for the SMA springs are to improve the available actuation frequency of the
SMA spring, and to maintain the compactness and portability of the actuator. Therefore, we
proposed a flexible channel that consists of a soft silicone tube being threaded carefully
through each SMA spring coil, forming a compact SMA spring with integrated cooling
module (Cheng and Desai, 2015), as shown in Figure 1(a). Other materials needed in
making the cooling-module integrated SMA actuator are shown in Figure 1(b), including

. . " 3"
two moisture-resistant Acetal Barbed Tube Tee Fitting for i) tube ID (McMaster Carr,
USA), two silicone rubber tapered stopper plugs (Powder Plug Coating Supply, USA) with
dimensions of 1.5mm bottom diameter x 4.7mm top diameter x 15.8mm long, and a micro
resistance temperature detector (RTD) (Alpha Technics, CA, USA). Before the threading
process started, we straightened the two ends of the spring to allow easy entry of spring wire
into the tube. The length of each straightened end is about 35 mm. The RTD sensor was then
tied to one of the SMA spring coils using a thin strip of wire and bonded to the surface using
high-temperature resistant superglue. Two pieces of electrical wires were soldered using tin
solder with high percentage of silver to the last SMA spring coils, respectively, before the
two straight ends of the SMA spring inside the tube. This ensures that the straight ends
would not curve into a helical shape when current was applied. Sharp ends of the spring
were trimmed and made blunt to prevent cracks from forming in the generally thin tube
while the tube was being threaded.

Once the SMA spring was completely wrapped in the tube, T-barbed fittings were connected
to the tube at both its ends. The fittings were sealed using rubber plugs, through which the
straight ends of the SMA spring were inserted. Electrical wires were threaded through the
rubber plugs using a needle to prevent any water leakage and led to the circuit board. Strong
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fish wires acting as tendons were connected mechanically to the two ends of the straight
sections of the spring during the experiments. Figure 1 shows a magnified view of the SMA
spring actuator integrated with the cooling channel.

3 Phenomenological Model of SMA Spring in an Antagonistic Configuration

3.1 SMA constitutive model

In antagonistic actuation configuration, the SMA spring actuator can be coupled with either
a passive spring or another SMA spring. In the current work, we used a pair of SMA springs
to allow the neurosurgical robot to begin at the home (center) position and perform back and
forth motion. A constitutive model representing the behavior of the SMA springs in
antagonistic configuration is therefore required to predict the actual motion which can then
be used in a control framework. Through the model, we are able to obtain a relationship
between the applied axial force, axial deflection and martensite volume fraction around the
SMA transformation temperatures obtained from the heat transfer model in section 4. The
state variables in our model are therefore axial force (£), axial spring deflection (&), and
martensite volume fraction (£). Tanaka (Tanaka, 1986), Liang and Rogers (Liang and
Rogers, 1990), Brinson (Brinson, 1993), Boyd and Lagoudas (Boyd and Lagoudas, 1996),
and Frémond (Frémond, 1996) initially proposed constitutive models for SMA wire. Tobushi
and Tanaka (Tobushi and Tanaka, 1991), Liang and Rogers (Liang and Rogers, 1997),
Aguiar et al. (Aguiar et al., 2010), Hadi et al. (Hadi et al., 2010), and Ma et al. (Ma et al.,
2013) used the wire models to derive those for the SMA helical spring. An et al. (An et al.,
2012) also proposed a static two-state design model for the SMA spring.

The model described here is built on Brinson’s work on SMA wire (Brinson, 1993) and the
work by Ho and Desai (Ho and Desai, 2013; Ho et al., 2015), which was based on Tobushi
and Tanaka’s (Tobushi and Tanaka, 1991), and Liang and Roger’s (Liang and Rogers, 1997)
models. As stated in the work of Aguiar et al. (Aguiar et al., 2013), Brinson model was
originally used for describing one-dimensional tension and compression and it would be
valid to describe pure shear stress of an SMA spring by replacing the tensile properties with
the shear properties. This is due to the fact that the torsion test has generated qualitatively
similar stress-strain curve as the tension test (Manach and Favier, 1997; Jackson et al.,
1972). Even though there are previous works (McNaney et al., 2003; Thamburaja and
Anand, 2002) that show opposite results for SMA in the superelastic regime, it has generally
been accepted in a significant amount of literature (Liang and Rogers, 1997; Yates and
Kalamkarov, 2013; Tobushi and Tanaka, 1991; Aguiar et al., 2013; de Sousa and Junior,
2014) that Eq. (1) is an appropriate constitutive model for an SMA spring. The governing
equation in terms of shear stress in the SMA spring is expressed as (Liang and Rogers,
1997):

=G () (v — 70) +—= (T — T) %f; (€= &)

5@

@)

where 7,G,y,0,7,Q, and £ are shear stress, shear modulus, shear strain, coefficient of
thermal expansion, temperature, phase transformation coefficient and martensite volume
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fraction, respectively. Subscript ‘0’ denotes the initial conditions. In this work, we assume
that the coefficient of thermal expansion, @, is negligible because of the relatively
unsubstantial thermal strain compared to the strain due to phase transformation.

Ignoring the pitch and curvature effect, and assuming that the shear strain is linearly
distributed in the spring wire cross section, the spring coil diameter is constant throughout
the spring length, and phase transformation is homogeneous across the spring wire cross
section, shear strain can be related to axial spring deflection by the following expression
(Shigley, 1972):

_ ds )
T™ND: (2

~y

where d,, Ds;and N are the SMA spring wire diameter, mean diameter of the spring, and the
number of spring coils, respectively. Assuming that phase transformation is homogeneous
along the SMA spring wire cross section, the maximum shear stress at the outer surface of
the SMA spring wire, 7,2, = 7, can be related to axial force by the following expression
(Aguiar et al., 2013; Liang and Rogers, 1997; Shigley, 1972):

el p
T @)

_ _ AR—1 0615 D,
where W is the Wahl’s correction factor (We=77— +~— where B=—=) shear stress

is linearly distributed across the spring wire cross section when W, is unity. Ssubstituting
Egs. (2) and (3) into Eq. (1) leads to

C1 (F — Fy) =CaG (€) (5 — b0) +%> €&,

8We.Dj ds
where 1= 73 and =2~ 2y pa. Itshould be noted that the homogeneous phase

transformation aésumption is not the most realistic representation of the shear stress and
phase distribution in the SMA spring wire cross section. However, it is useful to be
employed in a simplified modeling approach to simulate the antagonistic SMA behavior in a
practical robotic actuation setup. Models with more realistic non-homogeneous phase
distribution in different annular regions of the SMA cross section have been proposed and
investigated in the literature (Tobushi and Tanaka, 1991; Aguiar et al., 2010; Bucchi et al.,
2014; de Sousa et al., 2016).

By applying a material restriction, we can form a relationship between the shear modulus
and the phase transformation coefficient (Brinson, 1993). We consider a case where an SMA
spring in its fully austenite state (no initial deflection) is loaded until all the austenite is
converted into detwinned martensite. The deflection that remains upon unloading is assumed
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to be the maximum recoverable deflection, &;. In this scenario, the initial conditions are A,
= & = & = 0 and the final conditions are /=0, §= &;, £ = 1. Replacing these variables in
Eq. (4) leads to the relationship:

-  VBG(&)ds
Q&) =— V302G (£)6,=— Wé" )

S

Substituting Eq. (5) into Eq. (4), we obtain

C1(F — Fo) =C2G (§) (6 — 60) — C26,G () (€ —&0)  (6)

The shear modulus can be expressed as (Brinson, 1993; Tanaka, 1986):

GO=EG,+(1 =G, (7)

where Gyyand G4 are the elastic shear moduli of temperature-induced martensite and
austenite, respectively. Brinson proposed that martensite volume fraction, &, that varies from
0 to 1, consists of two components: twinned martensite or temperature-induced martensite
(TIM), &7, and detwinned martensite or stress-induced martensite (SIM), &g (Brinson,
1993), and hence:

=648 (8)

Having gone through the derivation in Brinson’s work (Brinson, 1993), we can express the
constitutive model of an SMA spring that relates the axial force on the spring, £, and the
spring deflection, 6, as:

C1(F — Fo)=C3[G(£)6 — G(£0)do] — €26, [G(§)Es — G(0)ésl  (9)

Based on Eq. (9), we can differentiate between twinned and detwinned martensite phases,
and thus take into account the non-linear stress-strain behavior for the entire temperature

range. We assume that the tendon that connects the SMA springs is always in tension and
any stretch in the tendon is negligible.

We observed, through our characterization experiment, that an SMA spring, in its martensite
phase, has a distinct force-deflection relationship. It can be divided into a linear region for

r<7¢"and a non-linear transformation region for 7;" <7<7§", where 7" and ;" are critical
start shear stress and critical finish shear stress, respectively. G, is the shear modulus of the
SMA spring when it remains in the twinned martensite phase and behaves linearly like a
passive tension spring within its elastic limit. The non-linear region is reflected in the
Brinson model through the detwinned martensite volume fraction, &g, that is modeled as a
cosine function, ranging from 0 to 1 as the SMA martensite detwins.
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When two SMA springs are configured antagonistically, and are heated and cooled
alternately, we can model the force-deflection relationship as the non-heated SMA spring in
its martensite phase getting stretched by the heated SMA spring during its actuation in either
direction. We assume the starting position of the spring is always at or under the
characteristic martensite graph. Therefore, we write the initial detwinned martensite volume
fraction as follows:

8o — C1 Fy
€ = 07 &G,
S0

o, (10)

We can then substitute Eq. (10) and the initial conditions for each heating and cooling
process into Eq. (9) to obtain the equation governing each SMA in the antagonistic pair, in
terms of force and displacement. More detailed descriptions of the steps taken to simulate
the antagonistic SMA behavior will be discussed in Section 6: Results and Discussion.

Based on the above model, we need to know the change in martensite volume fraction of
both the heated and non-heated SMAs. During the heating phase, martensite volume fraction
components, £sand &7, are functions of temperature and shear stress and can be written as
follows (Brinson, 1993):

&0 T T
5—5 {COS[H(T —A - C—A)]—i-]} (110

e Ssoe

55 _gso 50 (60 5) (11b)
o _ €t0 _

57 _£TO 60 (EU 5) (11C)

where C4 is the martensite to austenite transformation constant. Arand Agare the austenite
finish and austenite start temperatures, respectively. The martensite volume fraction of the
non-heated spring that is stretched from twinned martensite to detwinned martensite can be
expressed as follows (Brinson, 1993):

For T<Msand 75" <7<7§"

1-— 1
£,= $50 6os { — T = X (1= chr)} +—+6§S”
2 Ty — Tf’ 2 (12&)

J Intell Mater Syst Struct. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cheng et al. Page 9

AT
fT:ATf - 1 — gso (fs - fso) (12b)

where, if M<T<Msand 7< T

e 2 M, — M

S F

A :1€SO£T0COS{ T (T—MF)}

1- 550 +§T0

T (12d)

otherwise

AT& =Ero (12e)

The change in martensite volume fraction of the originally heated spring that, upon cooling,
transforms from austenite to detwinned martensite is given by:

1+&g,
? (13)

2 Ccr Ccr

fs—l_gsocos{ u X[T_TfCT_CM(T_MS)]}+

e S e
Gt~ TG )

where Cy,is the austenite to martensite transformation constant and Msis the martensite
start temperature. Detailed work on how to determine both Cpsand C4 will be described in
subsection 3.2.

It is important to note that the spring does not transform into pure twinned martensite phase
upon cooling because it is not cooled down in stress-free state. There is always stress from
the antagonistic spring at all times.

3.2 Determination of parameters for the SMA spring constitutive model

All the parameters required for the SMA phenomenological model in Section 3.1 are listed
in Table 1. The four stress-free transformation temperatures of the SMA were obtained from
a differential scanning calorimetry (DSC) test, in which a small sample of 18 mg of the
SMA was heated and cooled in the temperature range of 25 °C to 100 °C. The heat flow rate
results obtained from the test is plotted in Figure 2. To determine the martensite and
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austenite shear moduli of the SMA spring, we stretched the SMA spring and obtained the
relationship between force and displacement of the spring at 7= 25 °C (7<Ag) and 7=60 °
(7>Ap). In both experiments, we fixed one side of the SMA spring to a force sensor
(MDB-2.5, Transducer technology, USA) attached to a fixed wall and the other side to a DC
motor load shaft, as shown in Figure 3. We used Proportional+Integral (PI) control to
maintain the SMA temperature before actuating the motor to stretch the spring for 95 mm.
The force and spring deflection data are shown in Figure 4(a), where analytical data from the
SMA model were shown to match the experimental data. The force data was converted into
shear stress using Eq. (3) while the displacement data was converted into shear strain using
Eq. (2). Shear stress is then plotted against shear strain in Figure 4(b). Two lines of best fit
were used to determine slopes in the linear regions during austenite and martensite phases.
The critical shear stress for conversion of twinned martensite to detwinned martensite (7<)
can be determined from the highest shear stress in the linear region of the characteristic
martensite graph for T<Ag, as shown in Figure 4(b).

We performed block test at two different pre-stress levels to determine the transformation
constants, Cpyand C4. The SMA spring was connected to a force sensor attached to a fixed
wall on one side and to a moveable wall on the other side, as shown by the schematic in
Figure 5(a). The wall was moved farther from the SMA spring to create the higher pre-stress
level. During each of the two experiments, the two walls were fixed and hence the strain of
the SMA spring was assumed zero. We first heated the SMA spring using a heat gun and
once the force reached a plateau, the heat gun was removed and the SMA spring was left to
cool down to room temperature. Force and temperature data were recorded throughout the
experiment. We determined four transformation temperatures at each stress level from the
force-temperature plot and connected two data points representing the same transformation
temperature with a line. The four lines, as shown in Figure 5(b), represented the relationship
between critical shear stress and each of the four transformation temperatures. They
provided us with the constant, Cy,, which was the average of the slopes for the Msand Mg
lines and C,4, which was the average of the slopes for the Asand Aglines.

4 Heat Transfer Modeling

4.1 Heat transfer model

SMA is a smart material that responds to temperature changes. In our work, we increased
the temperature of the SMA springs using resistive heating and reduced it using forced
convection of water. A thermal model is hereby developed to predict the temperature profile
of SMA for the transient process. It can be combined with the SMA phenomenological
model to simulate the SMA displacement during its actuation period.

We related the variation of temperature in the SMA spring wire with time under four
assumptions. Firstly, heat is purely removed from the SMA into its environment via
convection. When compared with the heat removed by forced convection, that removed via
conduction and radiation is negligible and therefore is not considered significant. Secondly,
Biot number, BJ, can be defined as follows:
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hoy ds
ks (14)

Bi=

where /1, and &, are the convective heat transfer coefficient of water and thermal
conductivity of SMA, respectively. If Bi < 1, then we can assume the resistance to
conduction in the SMA is much smaller than the resistance to convection across its boundary
layer with water. Using the convective heat transfer coefficient of water (discussed later in
this paper), Biot number during forced convection ranges from 0.05 to 0.1 throughout the
entire operational temperature range. Since B/< 0.1, we can apply the lumped capacitance
method which assumes that the temperature within SMA is spatially uniform. Thirdly,
geometrical changes in the radial direction is negligible during the heating and cooling
process, leading to the assumption that SMA spring wire diameter stays unchanged at all
times, including during phase transformation. Fourthly, material properties such as heat
capacity, as well as temperature distribution are homogeneous throughout the entire spring
length and across its cross-section. SMA resistance changes in a hysteretic form (Ma et al.,
2004) during phase transformation but its negligible changes were not taken into account in
our analysis.

In our model, we made use of a control volume of a small cylindrical section, Ax, of the
SMA spring wire. In the subsequent discussion, subscript ‘s’ denotes the SMA wire and
subscript ‘v’ denotes water in the coiled tube. Applying energy balance to the control
volume (Bhattacharyya et al., 2002), the heat transfer model for the SMA spring wire can be
represented as follows:

2A . .
B AT g (T = T) — moLe=m CoTs
A (15)

where Bs, LALA M, Ts, Ty, Lsmsand Csare SMA resistivity, current, cross-sectional area of
the SMA spring wire, surface area of the SMA spring wire, heat convection coefficient of
water, surface temperature of SMA, water temperature, latent heat of transformation, mass
of SMA, and the specific heat capacity of SMA, respectively.

The first term on the left side of Eq. (15) describes resistive heating using electric current.
The second term refers to the heat transfer between the SMA wire and its fluid environment.
The heat convection coefficient is smaller during heating because it only involves free
convection. It increases during cooling due to forced convection. The third term describes
the heat energy changes during phase transformation of SMA between martensite and
austenite phases. Martensite volume fraction is a function of both temperature and shear
stress. Its derivative is obtained by differentiating Eq. 11a and Eq. 13a for the heating and
cooling phases, respectively. For the simulation, shear stress and its derivative were obtained
and derived from the experimental force measured by the force sensor. The term on the right
side of Eq. (15) represents the heat energy storage in the SMA control volume. Mass,
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surface area, and cross-sectional area of a small section, Ax, of the SMA spring can be
written as:

d2 d2

where p; is the SMA density. Substituting mg, A and A into Eq. (15), we obtain:

168,12 4hy,
° Wstdfqle psdsCs

Lgpé
szzo

where L is the latent heat of transformation during the heating phase (see Table 2). During
cooling phases (A — detwinned M), heating stops and /= 0. Equation (17) thus becomes:

4hy
Ps d.s C.s

Ls‘(:.
(Ts - Tu))+;£:

T+ 0
C, (18)

where L. is the latent heat of transformation during the cooling phase (see Table 2).

SMA resistivity can be obtained experimentally by measuring voltage across the SMA
spring and current passing through it in series. Specific heat capacity and latent heat of
transformation of the SMA spring were determined using the differential scanning
calorimeter, as shown in Figure 2 and as mentioned in Table 2. Assuming that the SMA
spring wire is perfectly centered in the silicone tube, convection coefficient of the water
flow, Ay, is defined as (Incropera, 2006):

kwNu
Dp (19)

hop=

where the hydraulic diameter (Dp) is expressed as Dy, = dy— ds (Incropera, 2006), and d, d,
Nuand k,, are the silicone tube inner diameter, SMA spring wire diameter, Nusselt number,
and thermal conductivity of water, respectively.

For determining the Nusselt number, we modeled the SMA spring wire as a horizontal
cylinder. During the transition from cooling to heating, water flow was stopped. Water is
therefore retained in the silicone tube during the SMA heating phase, which also enables the
actuator to be uniformly heated throughout. SMA spring thus experiences free convection by
static water during the heating phase and forced convection due to flowing water during the
cooling phase.

For free convection (water is static in the silicone tube during the SMA heating phase), we
applied the equation for Nusselt number based on (Churchill and Chu, 1975), in which a
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general empirically determined equation suitable for all types of fluid for a large range of
Raleigh number (Ra) was provided. Thus,

R 1/6 2 ,
a o5 | for 1077 < Ra< 10"

Nu=[0.60+0.387 p
[1+(0.56/ Pr)¥/19] (20)

Rais defined as:

Qﬁw (Ts - Tw) Dz
Vi Oty (21)

Ra=Gr - Pr=

The Grashof number, Gr, and the Prandtl number, ~r, are defined as follows:

D3 wa
g Qh’ ; pr=t

Vi k w (22)

Gr=L34y (Ts — Tw)

K
while a,, is the thermal diffusivity (aw:—prw ) Buw Cus Vs Uys aNd py are the volumetric
coefficient of thermal expansion, specific heat capacity under constant pressure, kinematic
fhw
viscosity (Vw:p—w), dynamic viscosity and density, respectively, of water. The differential
equation for free convection is therefore expressed as:

4k Ra 1/62
6512 P [O.60+0.387[1+<0v56/PT)9 a7 ]

* w2padiC, psdsCs

(T, - T,) + 228 g

Cs (23)

For forced convection (water flows continuously through the tube during the SMA cooling
phase), we implemented the following equation (Fand and Keswani, 1972):

_ 1/2 0.29
Nu= (0.255+0.699Re ) Pr 24)

The Reynolds Number, Re, is defined as:

Uy Dy,
Ve (25)

Re

where v, is the water velocity. The maximum water flow-rate (at 12 V power supply to the
brushless submersible water pump) through the coiled tube was measured to be 131.9
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mm?3/s. Using water properties at 300 K, the Reynolds Number was calculated to be 84.23.
The differential equation for forced convection is therefore expressed as:

4kw .
D (0-255+0.699 361/2) PO 29

Lsck _
psdsCls

Ts+ TS - Tw +
( I+, (26)

Below is a list of water properties required for the thermal model and their respective

sty

2

equations defined in terms of the film temperature, 7z where T'y= asan

approximation and 7,,= 300 K (Incropera, 2006):

Dynamic viscosity:

fw=4.8 x 107°TF — 3.9 x 10~°T+0.0081

Thermal conductivity:

kew= — 2.3 x 107°T740.0021T4+0.17

Prantl number: Pr=0.00039TF — 0.37+63

Water density: p,,= — 0.273+1.1 x 10°

Volumetric coefficient of thermal expansion:

Buw=— 0.049T7+39Ty — 7 x 10°

Using the heat transfer model, we were able to simulate the change in SMA spring
temperature when it is heated during free convection in static water and cooled under forced
convection in flowing water in a tube. We used numerical simulation in MATLAB to derive
the theoretical relationship between temperature of the SMA wire, 7 over a period of time,
¢ since Egs. (23) and (26) are both nonlinear.

4.2 Determination of parameters for heat transfer model

All the parameters required for the heat transfer model in Section 4.1 are listed in Table 2.
Resistivity of the SMA wire, S, changed slightly during the thermal cycle and was treated
as a constant in our model. It was derived from resistance, £ measured at room temperature
using Eq. (27).

Ac_p A3

s:R_*
8 L 4DsN (27)
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J
where Lgis the length of the entire SMA spring. Specific heat capacity, in the unit of kg°C

was derived from the heat flow rate, H, in mW, through Eq. (28). It is important to note that
the heat flow rate, as shown in Figure 2, needs to have its baseline data subtracted before
being substituted in Eq. (28). The heating rate used during the DSC test, denoted as Ry, was
5 °C/minand the mass of the SMA sample, denoted as 1, was 18 mg.

~ 1000 H
TR xms  (28)

The plot of specific heat capacity against temperature can be seen in Figure 6. Based on
Figure 6, two average values were stated for the heating and cooling phases, respectively, in
Table 2. The entire dataset from Figure 6, however, was used for the simulation. Latent heat
of transformation for the heating and cooling phase are obtained from the areas under the
two peaks, referred to as ‘AH’, in Figure 2.

5 Experimental Setups

5.1 Verification of antagonistic SMA model and heat transfer model, and determination of
maximum actuation frequency

The experimental setup, shown in Figure 7 was used to determine the experimental behavior
of SMAs in antagonistic configuration. In the setup, the tendon connecting the antagonistic
SMA springs was wound around the shaft of a rotary encoder. We ensured that the tendon
and the encoder shaft were in contact at all times so that the spring deflection could be
determined through the angle change measured by the encoder. The two SMAs were loaded
to the same initial displacement and force at the beginning of the experiment. SMA X is the
SMA spring that is heated initially and SMA Y is the SMA spring that is not heated initially.
Step inputs of £ 10 mm were provided as the control reference while displacement and force
data were collected by the rotary encoder and the force sensor, respectively. The
experimental data were then compared with the theoretical simulation based on the work in
section 3.1. Furthermore, the temperature changes over time during the heating and cooling
phases of the SMAs in antagonistic configuration were experimentally determined using
identical setup. Force and temperature data were collected while SMA spring X was heated
from room temperature to 322 K (49 °C). The effectiveness of the cooling mechanism we
proposed was also evaluated through similar experimental setup. A maximum constant
current of 4 A was provided to heat the SMA using a motor driver through its current
controller. The performance of SMAs was evaluated for sinusoidal references of various
amplitudes, including 2 mm, 4 mm, 6 mm, 8 mm, 10 mm, and 12 mm.

5.2 Implementing antagonistic SMA spring actuators on MINIR-II

The SMA spring actuators with integrated cooling modules were configured in an
antagonistic configuration and set up as shown in Figure 8 to move a robot segment in one
plane. We tested our actuators with the end segment of MINIR-I1 that consists of parallel
springs: a flexible innerspring backbone comprising of three segments and an outer spring
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for maintaining the robot shape. Each segment of the robot has a length of 19 mm. The robot
is 3-D printed and is made of verowhite plastic. Each spring actuator has an unstretched
length of approximately 50 mm and was pre-stretched by 25 mm. The two springs were
connected to each other directly by a fish wire. The wire was routed around the rotary
encoder to ensure the tension of the unactuated spring on the robot segment was always
zero. Each of the antagonistic springs was then connected through tendon driven mechanism
to the robot end segment by a fish wire to move it back and forth. The first two segments of
the robot were constrained during the experiment. We used the rotary encoder to measure
the displacement of the SMA springs during the experiment. This allows us to provide step
inputs in terms of SMA displacement in both directions and therefore enables the robot to
move at a specified frequency. We used a vision system with markers to track the angular
displacement of the end segment of MINIR-II.

6 Results and Discussion

Step 1

The SMA model was verified by comparing the theoretical simulation with the experimental
result. Both antagonistic SMA springs have the same parameters, as seen in Table 1. They
also started with the same initial displacement and force during the experiment. We provided
step inputs of 10 mm and recorded the change in force and displacement. The experimental
setup is shown in Figure 7.

The simulation begins with the same initial displacement, & = 25 mm, and force, /y = 1.24
N, as the experiment. The initial condition is indicated with **” in Figure 9. Then, we
followed the following four steps to complete the simulation of one motion cycle of the
antagonistic SMA springs (Subscript ‘X’ denotes SMA X while subscript ‘Y’ denotes SMA
Y):

Since the SMA’s initial displacement is under the martensite graph and is such that

s <d0<d¥, where 5" and 65" are the axial deflections that correspond to ~¢"and 75" (see
Figures 4 and 9), the initially non-heated SMA, SMA Y, would be loaded in such a way that
the net force and displacement increase linearly with the stiffness slope of Gy,. It should be
noted that the general force-displacement equation for each SMA spring is stated in Eq. (9).
During the simulation, the equation governing SMA X, which is heated initially, is obtained
by substituting Eq. (10) into Eq. (9) and is expressed as:

C1Fy=Cs kaMX +(1- gX) GAX] {5)( B 5LX €SX] (29)

fsy is equal to fsoy in Eq. (9) for SMA Y. Therefore, the equation governing SMA Y is
expressed as:

¢ <FY N FOY) :CQGMY <5Y N 6“3/) (30)
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Since we pre-strain both SMA springs to the same deflection, hence 9, =9,  =d0. The
relationship between &xand &y is described by:

Ox=—0y42d0 (31)

Combining Eqg. (29), Eg. (30) and Eq. (31), we obtain:

= g_?GMY (50 B 6LX 55}() +£0
14+« (32)

G
where azngMX +(1 i &) GAX in Eq. (32). Using Eq. (11a) and Eq. (11b) to simulate
the change in martensite volume fraction in SMA X, we can solve numerically Eq. (32). In
this case, &x drops from 1 to 0.27 when the linear increase of the non-heated SMA Y
trajectory intersects the characteristic martensite graph.

M-

Once the force-displacement trajectory of SMA Y reaches the characteristic martensite
graph, it would follow the martensite path while being loaded by the heated SMA. SMA X is
governed by the same equation as Eq. (29). SMA Y has the same governing equation as

SMA X, except that &, G, + (1 —=&,) G, =G, | since £y = 1. The equation of SMA Y
is expressed as:

CLFy=CoGoyy (0 =01, &5, ) (33)

The relationship between &xand &y is now:
o =0 == (0 =0y, ) (3

Combining Eg. (29), Eq. (33) and Eq. (34), we obtain:

g_?GMY (601/ +5OX B 5Lx gsx — 5Lx éhsl B 51‘\/ gsy)
14+ (35)

F=

While solving Eg. (35), we use Eq. (11a) and Eq. (11b) to simulate the change in martensite
volume fraction in SMA X, and Eq. (12a) to simulate the change in detwinned martensite
volume fraction in SMA Y. This behavior can be simulated for 0 < £x < 0.27. Temperature
from the beginning of step 1 to the end of step 2 is between the austenite start and austenite
finish temperatures, adjusted to match the stress levels.
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The heated SMA X trajectory at this point should have intersected with the characteristic
austenite plot. The cooling process for SMA X then follows, allowing SMA Y to unload.
The equations for SMA X and SMA'Y are the same as those from Step 1, namely Eqg. (29)

and Eq. (30). £s0, and &, are both 0 since it is initially in the austenite phase. £, remains

unchanged (&Y =5soy ) because a non-heated SMA does not change its phase during its
unloading.The relationship between &y and &y are, however, not the same as in Step 1. They
are instead the same as Eq. (34) in Step 2. Combining Eq. (29), Eq. (30) and Eq. (34), we
obtain:

C:
C_?GMY (50X B 5LX fsx) +Fo
I+a (36)

F=

We use Eqg. (13a) to simulate the change in detwinned martensite volume fraction in SMA X
in Eq. (36).

SMA X currently becomes the non-heated SMA spring while SMA'Y gets heated. We will
repeat step 1 since SMA X has a displacement under the characteristic martensite graph as
well. Therefore, steps 1 to 3 are repeated to complete one motion cycle.

Figure 9 shows the theoretical and experimental results of SMA Y that was actuated over
one motion cycle of 10 + mm. Both results showed similar trend and covered the same value
range. The interaction between the silicone tube and the SMA spring during its motion, and
the loading history of the SMA could have contributed to the discrepancy between the
theoretical and experimental data.

We verified the heat transfer model by comparing the simulation of temperature change of
SMA over time with the experimental data. The experimental setup is shown in Figure 7 and
a current of 1 A was supplied to heat the SMA spring so that it reached the desired
temperature at 322 K. Once the desired temperature was reached, the current was turned off
and water was allowed to flow through the cooling channel to cool the SMA. The
temperature change in the SMA spring was recorded during its heating and cooling phases.
Experimental data that include strain change, Reynolds Number of the water flow and
current applied were used in the heat transfer model to simulate the temperature profile. The
results are shown in Figure 10, that shows that the model matches the experiment well in
both heating and cooling phases with an /2-value of 0.946.

The maximum frequency of the antagonistic SMA spring actuators is determined by the
coefficient of determination (R2-value) > 0.9 between the the sinusoidal reference and the
actual data. As shown in Figure 11, the cooling module provided significant improvement
over natural cooling by air in terms of the SMA’s ability to actuate at higher frequency.
Forced convection by water in the tube allowed the SMA spring to follow a sinusoidal input
with frequency of 0.143 Hz (7 s period) for an amplitude of 2 mm (/2-value = 0.9927).
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Under natural cooling by air, the trajectory was well tracked for the initial 5 periods (R2-
value = 0.9585). After that, the residual heat remaining in either SMA spring built up and
eventually resisted the motion in either direction, causing the discrepancy between the
reference and the actual data. We did not observe such degradation in performance when the
SMA was actuated under forced water cooling. We also performed the same experiment
using the cooling module-integrated SMA springs for several motion amplitudes, ranging
from 2 mm to 12 mm. The result is shown in Figure 12, where we observe that an increase
in motion amplitude corresponds to a decrease in maximum actuation frequency. Besides
that, at high amplitudes, the effect of low heating efficiency due to the static water retained
in the cooling module can be observed. Hence, in our future work, we need to remove water
from the cooling module during the heating phases to obtain a more satisfactory system
performance and improve its efficiency.

We implemented our cooling module-integrated SMA springs on MINIR-II robot to move
its end segment back and forth along the vertical axis. By contracting the SMA by +4 mm,
shown in Figure 13(a), we were able to move the end segment of the robot by approximately
+25°, as shown in Figure 13(b). The back and forth motion of the end segment of the robot
is shown in Figure 14. In our future work, we envision using an imaging modality to achieve
a more precise control of the configuration of the robot in the workspace.

7 Conclusion

In this paper, we proposed a cooling module that is integrated with an SMA spring to form a
compact actuator. We presented our work on the SMA spring model in an antagonistic setup,
simulated it based on various initial conditions for one motion cycle, and verified the
simulation with the experimental results. We also presented the heat transfer model that
simulates the temperature change of SMA over time. The model was compared with the
experimental data for one heating and cooling cycle of the SMA spring. The proposed
cooling module integrated SMA spring actuator significantly improves the actuation
frequency and it is important we were able to achieve it over a sustained period of time. We
also implemented the actuators on a single segment of MINIR-Il and commanded the SMAs
to move over +4 mm, which corresponds to an angular displacement of approximately + 25°
in the robot. In our future work, we will remove the static water from the water module
during the heating phases, create a better seal to prevent water leakage and investigate more
tube dimensions to achieve a smoother water flow. These improvements are critical to
improving the maximum actuation frequency of the SMA especially for large ranges of
motion. The models developed in this paper will be utilized in a control framework to
improve control of SMA actuation. The work presented is the first step towards our eventual
goal of developing a near real-time SMA actuated actively cooled multi-degree-of-freedom
MINIR-II for MRI-guided neurosurgery.
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Figure 1.
(a) SMA spring coils covered in a continuous silicone tube (b) Materials needed to make the

SMA spring with cooling module (c) CAD schematic of the cooling module-integrated
SMA spring with detailed illustration of the connection and arrangement of each component

J Intell Mater Syst Struct. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Cheng et al.

Page 24

28 , , | |
5
(@) 26 [ 1
©
L0
=47 Area = 219.385 m) 1
% AH = 12.1881 J/g
;22 | Onset = 1
T 4587°C/1 \ End = 49.12 °C
3207 _
(@]
[T End =
= 18| 38.17°c| [Onset = 42.37 °C |
8 Area = -74.477 m|
€ AH = -4.1376 J/g

6 1 . | . 1 . . .
20 30 40 50 60 70 80 90 100 110
Temperature (°C)

Figure 2.
Transformation temperatures obtained from raw data of differential scanning calorimetry

(DSC) test
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Figure 3.
(a) Schematic and (b) actual experimental setup to stretch SMA spring at T <Agand T>Ag

(/% is the initial non-stretched length of the SMA spring and & is the axial deflection)
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Figure 4.
(a) Experimental and theoretical data comparison for T >Af (characteristic austenite graph)

and for T <Ag (characteristic martensite graph) (b) Experimental result and linear fit to
determine the elastic shear moduli for T >Ag G4and for T <Ag, Gy
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(a) Schematic of block test ( z() and z(’)' represent two different initial lengths (prestrains) due
to the two pre-stresses) (b) Experimental results from block tests done at 2 different pre-
stresses (represented by the two markers on each line) for four transformation temperatures
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Figure®6.
Specific heat capacity of SMA spring for temperatures between 25°C and 100°C
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(a) Experimental setup at its initial configuration, where k), &, &, and &,are the non-
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stretched length of each SMA spring, initial displacement, final displacement, and stretched/
recovered length during each actuation step (b) Actual characterization setup to evaluate the
effect of cooling module on the performance of antagonistic SMAS as well as to determine

experimental behavior of antagonistic SMAs
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Figure8.
(a) Schematics and actual arrangement of the experimental setup involving antagonistic pair

of SMA springs to move only the end segment (b) SMA springs in antagonistic
configuration for actuating single robot joint (Tendons in the top view are highlighted in
black for clarity)
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Figure9.
Experimental data and theoretical simulation of the behavior of SMA spring Y, starting from

initial position “*’. When its antagonistic spring, SMA X, is heated, SMA Y is stretched for
+10 mm (solid blue). SMA'Y then unloads upon cooling of SMA X. When SMA'Y is
heated, its displacement trajectory (dotted blue) goes towards negative direction until it
intersects with its characteristic austenite graph. It then unloads upon cooling.
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Figure 10.

Comparison of theoretical and experimental data for temperature vs time during the heating
and cooling periods
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Figure11.
Tracking of sinusoidal trajectory of 2 mm amplitude and 7 s period under natural cooling by

surrounding air (without cooling module) and forced convection by flowing water (with
cooling module)
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2 4 6 8 10 12

Amplitude (mm)

Maximum frequencies that can be achieved by antagonistic SMA springs with integrated
cooling modules in response to sinusoidal inputs of different amplitudes
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Figure 13.
(a) SMA displacement and (b) the corresponding angular displacement of the end robot

segment (Actual positions of the end robot segment at stages labeled (1) through (9) are
shown in Fig. 14.)
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Figure 14.
The end segment of MINIR-11 robot moves back and forth under active cooling of SMA

actuators (Base and middle segments were constrained). The red lines are superimposed in
the figure for clarity.
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Table 1

SMA Spring Parameters
Parameters Symbols  Units  Values
Number of spring coil N 13
Wire diameter as mm 0.75
Spring diameter D; mm 8.5
Twinned martensite shear modulus Gy GPa 16.36
Austenite shear modulus G GPa 25.06
Austenite start temperature As °C 45.87
Austenite finish temperature Ar °C 49.12
Martensite start temperature Ms °C 42.37
Martensite finish temperature Mg °C 38.17
Martensite constant Cuy MPa/°C  17.25
Austenite constant Cy MPa/°C  12.81
Critical start shear stress or MPa 69.25
TS
Critical finish shear stress or MPa 164.8
Tf
Maximum recoverable deflection 6, m 0.08
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Table 2

Parameters Symbols Units Values
SMA springwire
Resistivity Bs LQm 0.44
Density Ps kg/m?3 6450 (Dynalloy, 2011)
Thermal conductivity K W/(m-K) 18 (Ertel and Mascaro, 2010)
Specific heat capacity Cs JI(kg-K) 466 (heating)

—260 (cooling)

refer to Figure 6
Latent heat of transformation (heating) Lgy JIkg 12188.1
Latent heat of transformation (cooling) L J/kg -4137.6
Water
Temperature Tw K 300
Specific heat capacity Cy J(kg-K) 4179 (Incropera, 2006)
Convection coefficient hy W/(m2°C) refer to Section 4.1

Acceleration of gravity

m/s? 9.81
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