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Background: The magnetic resonance imaging (MRI) environment with its high-strength
magnetic fields requires specialized and sometimes sophisticated solutions for otherwise
simple problems. One of these problems is MR-compatible actuator mechanisms that transfer
a signal into an action.

Purpose: Normal actuators are based on a magnetic effect (eg, relays) and will typically not
work in magnetic fields exceeding 1000 G, eg, inside the bore of an MR scanner. To enable
the use of clinical devices inside the MRI, eg, for interventional procedures, there is a need
for fully compatible actuators.

Patients and methods: Various actuators were compared for the purpose as a simple on-
off switch within an MRI. NITNOL wire as an actuator showed the highest potential because
of its simplicity and reliability. We tested the possible force achieved by the NITINOL wire
related to the respective energy consumption, to provide a travel range of 2 mm.

Results: Compared to other actuators, the NITNOL wire is cheaper and requires less space.
In the switching process however, there is a delay due to the time required for the heating of
the wire up to the transformation temperature. The NITINOL switch shows a reliable
behavior with regard to the generated force and the switching path over the entire measure-
ment. Significant artifacts, caused by the NITNOL wire could not be detected in the MRI.
Conclusion: NITINOL wires can be repeatedly used, are relatively easy to implement and
could be an economic alternative to other more complicated actuator technologies.
Keywords: interventional MRI, MRI compatible, high-field magnet, actuator, injector

Introduction

Due to the strong and changing magnetic fields, normal clinical equipment, that is
standard in other imaging modalities like computed tomography (CT) or X-ray, cannot
be used inside an magnetic resonance imaging (MRI) cabin. Everything has to be built to
operate reliably and prevent the associated dangers of working in strong magnetic fields
specially for systems that are operating close to or directly inside the MR bore where the
highest magnetic field strengths occur.' For several MR imaging and therapeutic
procedure protocols, additional assistance systems are necessary (eg, contrast agent
injector).>* However, the main problem with respect to an actuator is that most of the
devices that exist on the market contain magnetic components.” With that they could pose
a danger to the patient or staffand,*” on the other hand, their switching mechanism can be
influenced by the magnetic field of the scanner.® There are already a few different types of
MRI-compatible actuator mechanisms available on the market,” but these still have
problems with repeatability, reliability, size, generated image artifacts or traceability.'
We designed and tested a new MRI-compatible actuator for a 3T MRI to enable proximal
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and inside bore activation of devices. This can achieved by
transfering an electrical signal to a mechanical movement
based on a NITINOL wire switch mechanism. The goal was
not to develop a new engine drive, but to present a method to
alternate between two switching states with the goal to reduce
the size, costs and the required activation energy to a minimum.

Materials and methods

Actuator principles

An actuator mechanism can be realized based on a control-
lable movement that provides at least a minimum force.
Possible actuator principles and their use in the MRI envir-
onment are listed in Table 1. All listed electrical actuators
have the potential for use in “close to bore” MRI
applications.'® Single piezo actuators are limited by a small
travel range (um to mm distances) and the high voltage (up to
15 V) that are needed for activation.'" There is the possibility
of stacking the piezo actuators, however, to achieve a longer
travel range, but the travel range with respect to the installa-
tion space of the actuator remains very small.'?

Ultrasonic motors (USMs) work via piezoelectric
material in the stator. The generated traveling waves
move the rotor by frictional forces.'> USMs look promis-
ing, as they are very small and have precise control,
considering their high torque/size ratio a short reaction
time. Another advantage is that the engine stops immedi-
ately when the power is switched off.'* Disadvantages are
that they may interfere with the MRI scanner, if the motor
is close to the isocenter of the image,'” and a high voltage
may be needed."?

Electromagnetic actuators are a possible option if long
travel ranges (>1 mm) are needed. The force that the
actuator is able to create depends on the weight of
the magnetic material inside the actuator. The higher the
weight, the higher the risk that the patient can be hurt by
the actuator due to magnetic attraction forces.'®

Hydraulic actuators are working very precise, but come
with a risk of fluid leakage and they require a lot of
physical space, which make them not the best option for
clinical use.'” Pneumatic systems can be built fully MRI
compatible, but are less precise and have a slow response
time compared to the hydraulic systems.' Both pneumatic
and hydraulic actuators are working with flow energy.
With that, they require supply lines in the form of tubes
and additional switches to control.'®"?

The thermal energy actuators show high potential for
3-T MRI applications. Compared to shape memory metal,

the resulting force of a bimetallic actuator is lower for the
same energy consumption because of two materials work-
ing against each other.

Shape memory materials such as nickel titanium
(NITINOL) can be deformed and will return into their
original shape when heated to the structural change tem-
perature. If a NITINOL wire is deformed plastically by
traction, its length increases while its diameter decreases.
Heating up the wire with an energy source will result in a
contraction to its original length and with that can create a
mechanical force. Since NITINOL is non magnetic this
characteristic can be used as an actuator principle for
“close to bore” MRI applications.*°

Actuator design guide
To design an actuator for an MRI application based on the
shape memory effect of NITINOL wires, the behavior of
the material has to be analyzed. The main actuator design
parameters are the dimensions (cross-sectional area and
length), the transformation temperature and subsequently
the energy needed to achieve that transformation.

A mechanical force can be realized by a contraction of
a prior stretched NITINOL wire. This force is proportional
to the cross-sectional area of the wire.*®

Based on Figure 1, the cross-sectional area can be
selected for a given required force.

The length of the wire depends on the required travel
range. The maximal permissible plastic strain of NITINOL
is about 5%.

Wire length = Travel range x 0.05 (1

The transformation temperature is the temperature at
which the structural change in the phase of the shape
memory material occurs. Depending on the nickel to tita-
nium ratio, the transformation temperature changes.?’

To reshape a NITINOL wire after deformation, heat
energy has to be applied. Assuming a stable room tem-
perature, the amount of energy O depends on the tempera-
ture difference AT and mass of the material m.

The m =1 x 4 x p, = [kg] of the wire can be calcu-
lated over the length I, the cross-sectional aread and the
density p,, of the NITINOL wire.?’

K
pa= 6500—=
m
m=1xAxp, = [kl @)

The energy needed to reach the deformation temperature is
then calculated by multiplying the specific heat capacity of
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Figure | Resulting force depending on the cross-sectional area.?’?®

NITINOL ¢*° with the temperature difference AT and the
mass of the wire.

Energy Q = |J]

J
Specific heat capacity of NITINOL ¢ = 450kg—K

Temperature differenc eAT = [K]

QO=cxmxAT 3)

Figure 2 shows the energy needed to heat up different
masses of NITINOL at a certain temperature.

This energy is the minimum energy needed to heat up the
wire and can be provided by electrical energy. Like a resistor,
the wire will heat up when electric current passes through.?'

3
25
_ 2 —001g
=
> 16 —0.02g
g 0.03 g
w ; 0.04g
—0.05¢
05 —0.06 g
0 ————-____——————"""_—-__—‘_—__‘
10 30 50 70 90
Temp. diff. [K]

Figure 2 Needed energy to heat up the material NITINOL.

Specific resistance p, = 760 x 10’99%2

pr Xl _

-0 @

Resistance of the wire R, =

Based on the resistance of the NITINOL wire, the para-
meters of an electric energy source, eg, a battery, can be
defined. The internal resistance of the battery is given by
the no load voltage of the battery Uppaner, and the short-
circuit current /..

o Uo battery

R;
Ly

(5)
The total resistance R, is the amount of the internal resis-
tance R; and the resistance of the wire R,;ye.

R = R; + Ryire (6)

Using the operating voltage Upyer, 0f the battery and the
total resistance R;, the operating current / can now be
calculated.

g = Yoaery (7)
R,
The energy FE,,;. supplied by the battery depends on the
operating current /, the operating voltage on the wire U,
and the switching time ¢ needed to heat up the wire to the
transformation temperature.

Uwire = Rwire x 1 (8)

Evire = Upire X I X t (9)

E,;r. This needs to be of course bigger than the minimum
energy Q needed to heat up the wire.

submit your manuscript

288

Dove

Medical Devices: Evidence and Research 2019:12


http://www.dovepress.com
http://www.dovepress.com

Dove

If an actuator should be used several times, a certain
capacity of the energy has to be provided. For “close to
bore” MRI applications, MR conditional batteries are a
required option. Based on a given capacity, it is possible
to calculate the times the actuator can be used with a
chosen battery.

_Cx(1-b)

=—"=, with
" (t+1t,) xI’ "

(10)
b [%] = safety parameters for the battery to
avoid deep discharge

C [Ah] = capacity
I [4] = operating current
t [s] = switching time
t, [s] = time the actuator is activated

n = times the actuator can be used

This information allows a rough dimensioning of an actua-
tor based on given requirements, which will now be
demonstrated using a real example problem.

Actuator design example

Our example is based on the need for a mechanical switch
to start the flow of an injection unit for contrast media
application inside the MRI magnet bore. For that, an
actuator travel range of 0.75 mm and a force of 15 N is
needed. The actuator should be able to switch within 3 s.
As energy source, a battery pack of 3 parallel lithium-ion
batteries (3.7 V with 120 mAh/battery) was used (CP1654
A3 W, VARTA, Ellwangen, Germany). The no-load vol-
tage of the battery pack was 4.2 V and the short-circuit
current 1.8 A.

A NITINOL wire with a transformation temperature of
88°C was selected. To achieve the force of 15 N, the wire
should have a cross-sectional area 0.121 mm? (Figure 1)
that leads to a wire diameter of 0.392 mm.

A wire length of 15 mm is calculated based on the 5%
stretching and the travel range of 0.75 mm. To ensure
proper functionality, a security factor 3 can be used. The
resulting wire length is thereby 45 mm with a total travel
range of 2.25 mm ( & 2mm). According to Equations (2)
and (3), the mass of the wire is:

Kalmar et al
m=1[XxA4Xp,
=45 % 107%m x 0.121 x 107%m? x 6.5 x 103 kgm®
=35x 10 %%g

Assuming a room temperature of 20°C and a deformation
temperature of 88°C, AT is 68K.

The energy needed to reach the deformation tempera-
ture can now be calculated to be

J
O =cxmxAT = 450" x 35 x 10 %kg x 68K
kgK

=1.071J

According to Equations (4)—(7), the total resistance R, and
the operating current /, depending on the selected battery,
can be estimated. R, is composed of the resistance of the
wire R, and the internal resistance of the battery R;.

p, X1 760 x 107°Q x 45 x 10 °m

A 0.121 x 10~ °m?2
= 0.283Q

Ryire =

If the internal resistance of the battery is not given by the
datasheet, it can be calculated with Equation (5).

Uy battery = 4.2V

Le =184
UO battery 4.2V

Ri=——=—-=233Q
Le  18A

R, =R+ Ry = 2.33Q2 4 0.283Q = 2.62Q
Ubattely =37V

Ubatte;y 3.7V
1= =——=141A
R 2.62Q

With a switching time of 3s the used energy E,;.. can be
calculated with Equations (8) and (9).

Uyire =R x 1 =0.283Qx1.41A =04V

Eyire = Upire X I Xt =04V x 1.414 X 35 = 1.69J

Emax>Q

Knowing the operating current, it is now possible to cal-
culate the number of times that the actuator can be used
with one battery pack (Equation (10)).

b=30%

C = 360mAh

Medical Devices: Evidence and Research 2019:12
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1=1414
Switching time =t = 3s

Seconds to hold the contraction = t,
= 12 s (random number for the example)

_ Cx(1—b) 360mAh x (1—0.3)
C (t+t) x I (3s+12s) x 1.41A
360 x 107°A x 3600s x 0.7
B 15s x 1.41A

=42.89

Actuator design test
To validate the above calculations, a test setup of a
NITINOL actuator (diameter 0.392 mm and length 45
mm) was created to determine the transformation energy,
switching time, maximum force and the obtained travel
range of the wire.

Assuming a plastic deformation of 5%, the expected
travel range would be 2.25 mm. To avoid overstraining,
the deformation was limited to 2 mm.

Measurement setup to evaluate switching time, travel
range and transformation energy

The plastically deformed wire ( =~ +2mm) was mounted
into a measurement setup with a digital caliper (accuracy
+0.03 mm). One end was fixed, while the other end was
left moveable (Figure 3A). Both ends were connected to
an energy source (6225 A; PeakTech, Ahrensburg,
Germany). The free wire length was 47 mm.

For different voltages, the reaction time until wire
contraction was measured. The earlier calculated optimum
voltage U,;. = 0.4V was chosen as the starting point.
With no contraction observed after 10 s, the energy supply
was interrupted for 5 mins to cool down the system.
Knowing that the wire needs more power to contract, the
measurement was subsequently repeated with an increased
voltage in steps of 0.2 V. With contraction observed after

A P

Power supply

&) NITINOL wire
Stopwatch

Caliper

less than 10 s, the experiment was repeated 5 times to
average the measured switching time. The voltage was
slowly increased step by step until it reached 1.7 V and
the correlated switching time documented. Between mea-
surements, the wire was stretched back.

Based on the measured time and the power supplied,
the transformation energy could be calculated.

The travel range was measured using the ruler of the
test setup.

Measurement setup for the maximum force of the
NITINOL wire

To measure the force generated by wire deformation, the
plastically deformed wire was attached to a Newton meter
(FMI-200C2; ALLURIS, Freiburg, Germany) (Figure 3B).
A voltage of 1.5 V was applied to the wire via the power
supply (6225 A; PeakTech) until the transformation tem-
perature was reached. While deforming to its original
state, the wire generatesa force, which can be measured.
This experiment was repeated six times. Between the
measurements, the wire was stretched back and discon-
nected from the voltage supply for 5 mins to cool down.

Evaluation of the number of actuations and battery
capacity

A lithium-ion battery CP1654 A3 W (VARTA) was chosen
for the tests. According to the manufacturer, this battery is
MRI compatible. The housing of this cell offers protection
and it is lightweight (3.2 g). It theoretically offers a max-
imum short-circuit current of 0.6 A for 2 s.

For the evaluation, three lithium-ion batteries (4.2 V,
1.8 A) were connected in parallel to the NITINOL wire.
Contraction was observed after 3 s and the energy supply
interrupted after another 12 s to simulate holding time. The
power consumption of this switching regime was mea-
sured using a digital multimeter 38XR-A (Beha-
AMPROBE, Glottertal, Germany). After disconnection,
the wire was cooled down for 5 mins and stretched again

B

Power supply

Newton meter

NITINOL wire

Figure 3 Measurement setup to evaluate the required energy of the nitinol wire, the time to switch over and the travel range (A) and determining the force (B).
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to 47 mm. This test was repeated five times. The measured
power consumption allows to estimate the number of
possible actuations using this battery pack.

MRI compatibility of the NITINOL switch with
batteries

The NITINOL switch and batteries were checked for
magnetic attraction toward the 3T MRI field. The mea-
surement did not reveal a sizable attraction force.

All components of the NITINOL switch including the
three lithium-ion batteries were enclosed in an acrylic glass
box and observed while being brought into the MRI bore.

In a second measurement, it was verified that the switch
causes no observable artifacts in the MRI image. For that, the
switch and the batteries were attached to a phantom with
adhesive tape (Figure 4) and the switch positioned in the
isocenter of the MRI. A surface imaging coil was used
(Spine 32) with an imaging area width of 450 mm and length
of 140 mm. After moving the switch into the MRI (Figure 5),
the radio frequency (RF) noise spectrum protocol provided by
the MRI manufacturer was used to assess the effect. The
resulting power density spectrum was reconstructed and
reviewed for the presence of artifacts. This measurement was
repeated for an activated and deactivated switch. After the
MRI scan, the switch was again checked for functionality in
order to ensure that the MRI did not cause any damage.

Results

Travel range
The travel range was measured during these experiments.
When the transformation temperature was reached, the

NITINOL switch + batteries

Phantom

Figure 4 Measurement setup for NITINOL switch inside an MRI (NITINOL switch
is outside).

Figure 5 Measurement setup for NITINOL switch inside an MRI (NITINOL switch
is inside).

travel range of 2 mm was constant for the duration of
the test.

Switching time and transformation energy
The measurement of the switching times is shown in
Table 2. At the calculated voltage of 0.4 V, no contrac-
tion was observable after 10 s. Starting from 1.1 V, a
contraction was observed. The corresponding heat-up
time was approximately 7.7 s. To achieve a switching
time of about 3 s, a voltage of 1.5 V has to be applied.
Due to the nearly constant resistance of the system, a
higher voltage leads to a higher current and to faster
reaction of the NITINOL wire. Based on the measured
voltage, current and time, the energy uptake was
calculated.

It turned out that the electrical wires leading to the
NITINOL have a total resistance of 0.7€Q, which must be
considered when determining the total energy consumed
by the NITINOL actuator setup

Voltage drop on NITINOL = Voltage — Current x 0.7Q

Energy on NITINOL = Voltage drop on NITINOL
x Current x Time

Maximum force of the tested NITINOL
wire
The results of the force measurements (accuracy of 0.05%)

are displayed in Table 3. The average force achievable by
the tested NITINOL wire was 14.56 N.

Medical Devices: Evidence and Research 2019:12
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Table 2 Values of the switching time of the NITINOL wire (45 mm length and 0.392 mm diameter) at different voltages

Voltage [V] (measured; accu- | Current [A] (measured; accu- | Time [s] (measured; Energy on Voltage drop on
racy of (£0.5%+5) V) racy of (£0.5%+5) A) accuracy of 0.3 s) NITINOL [J] NITINOL [V]
0.4 0.38 Stop of the measurements after 10 second 0.13
0.6 0.57 0.20
0.8 0.76 0.27
| 0.94 0.33
I.1 1.05 7.7 2.94 0.37
I.1 1.03 8.0 3.12 0.38
I.1 1.01 74 2.94 0.39
I.1 1.02 7.8 3.07 0.39
I.1 1.02 7.7 3.03 0.39
1.3 1.28 4.6 2.37 0.40
1.3 1.28 4.1 2.14 0.40
1.3 1.32 42 2.06 0.38
1.3 1.30 42 2.13 0.39
1.3 1.29 4.1 2.09 0.40
1.5 1.50 2.7 1.81 0.45
1.5 1.49 22 1.53 0.46
1.5 1.49 28 1.91 0.46
1.5 1.48 2.1 1.44 0.46
1.5 1.48 2.7 1.85 0.46
1.7 1.67 1.7 1.62 0.53
1.7 1.66 1.9 1.99 0.54
1.7 1.67 2.0 1.80 0.53
1.7 1.65 1.7 1.55 0.55
1.7 1.64 1.6 1.68 0.55
1.7 1.60 1.8 1.87 0.58

Table 3 Force achieved directly with a 0.392 mm diameter NITINOL wire (I=45 mm)

I test 2 test

3 test

4 test

5 test

6 test

Average

145 N 144 N

149 N

145 N

14.6 N

145 N

14.56 N

Number of actuations of the actuator

Based on the measured power consumption of the

NITINOL-wire- battery-system the number of actuations

the batteries can provide was calculated. Table 4 shows,

that based on these results 46 theoretical cycles (safety

parameter of 30%) are achievable.
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Table 4 Measurement of power consumption and the calculated
cycles to actuate the NITINOL wire

No load voltage [V] (accuracy: [+0.25% 42

+5] A)

Voltage under load [V] (accuracy: [+0.25% | 3.8
+5] A)

Current under load [A] (accuracy: [£1.5% | 1.28
+10] A)

Capacity of | battery [mAh] 120
Capacity of 3 batteries (parallel) [mAh] 360
Seconds needed to contract the wire 3
(1.28 A) [s]

Seconds needed to hold the wire con- 12 (random number for

tracted [s] the example)

Theoretical electric charge for one cycle 19.2
[As]

Theoretical maximum cycle with 3 67
batteries

Theoretical maximum cycle with 3 bat- 46

teries and a buffer of 30%

Discussion

The travel range of the NITINOL wire was constant,
showing that even with frequent use of the switch, a
reproducible return path is guaranteed. Figures 6 and 7
are showing an already MRI tested version of the

Wire attachment

Figure 6 NITINOL switch with opened shell.

Figure 7 NITINOL switch with a closed shell.

NITINOL switch as the basis for starting an injection
process remotely.

A switching time of exactly 3 s was not reached with
the theoretically calculated settings of the power supply.
One reason for this may be the deviation of the theoreti-
cally calculated resistance of the NITINOL wire and the
actual one. However, a much more important reason might
be the fact that, in theory, external influences such as the
cooling of the wire by ambient temperature were not taken
into account.

As expected, more energy is needed than theoretically
calculated. If the values of Table 2 are averaged and plotted
on a graph (Figure 8), an energy of around 1.8 J can be read
for a switching time of 3 s. The theoretically required
energy (1.69 J) for a switching time of 3 s is less than the
measured (1.8 J). The reason for this could be external
influences, like the energy lost to the environment, which
are not considered in the theoretical calculation.

Depending on the ambient temperature, the switching
time and the associated energy consumption may change.
Below 20°C, more energy and a longer switching time
would be required than when the ambient temperature is
above 20°C.

With the averaged force measurement for the
NITINOL wire (0.392 mm diameter) of 14.56 N, the target
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Figure 8 Average energy on NITINOL dependent on the switching time.

force of 15 N is almost reached. Possible reasons for the
deviation could be friction in the measurement setup or
measurement inaccuracies.

Three parallel single-cell lithium-ion batteries are able to
supply the needed power for the NITINOL actuator. Other
than expected, less energy than calculated is needed. One
reason could be measurement inaccuracies in taking the
time. To keep the wire contracted, it is not necessary to
constantly power with the same energy than for the heat-up
process. The only energy to add, to keep the wire con-
tracted, is the energy lost to the environment. Lowering
the energy while the wire needs to hold its deformation
would increase the cycle number of one battery enormously.

While checking the components for their MRI compat-
ibility, no significant magnetic attraction was found. The
image quality was not affected in both states of the actua-
tor (deactivated/activated).

MRI image artifacts are also present using NITINOL?'
due to the magnetic susceptibility of the material. For stents —
used in the literature example — made of NITINOL, the
biggest influence on the size and shape of the artifacts is
due to the geometry of the device that can create local
magnetic field variations.>> Consequently, as our NITINOL
wire does not involve any pattern distribution but rather a
straight line, it can be assumed that the artifacts are reduced
significantly. Since the wire is shorter than half the wave-
length of the radio frequencies used, and as it is not in direct
contact with the patient skin we can also assume that there
will not be any detrimental effects to patient safety.

When using the NITINOL wire as a switch, keep in
mind that it can reach temperatures above 100°C. The wire
must, therefore, be insulated so that no damage to the
patient or adjacent components occurs.

The area of the switch to which the wire is attached
should be made of temperature-resistant material. For a
secure attachment of the wire, the two-component adhesive
(Original Cold Weld Formula Steel Reinforced Epoxy, J-B
WELD, USA) has worked well. The adhesive hardens after
24 hrs and can withstand temperatures above 300°C.

The power supply cables need to be soldered to the
NITINOL wire ends. Due to the titanium oxide layers, this
is not feasible or at least difficult to realize without
machining the wire ends. There are two option s for treat-
ment. The titanium oxide layer can either be removed with
smeared paper or chemically, eg, by a flux.

This switch could open, for example, pressure valves
and control the resulting flow rate. One possible example
could be an MRI-compatible contrast injector as used for
the base calculations. Another application could be to use
the switch as a linear motor in which two different states
can be switched.

Conclusion

The NITINOL actuator is an ideal alternative to common
actuators. Its reliability, compactness and simple construc-
tion are good reasons for use in future applications to be
used in a strong magnetic field, like in or close to MRI
systems. The NITINOL actuator is inexpensive (around
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5 €) and all of its used components are fully MRI compa-
tible. Although the batteries are slightly magnetic, they
pose no danger to the patient if firmly attached and inte-
grated due to their low weight. By changing the wire
diameter or using a lever arm, the force and travel can
be adapted to the individual needs.
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