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Abstract

This paper reports on the performance evaluation of a novel latching-type
electromagnetic actuator which is designed to be embedded at selected joints
along single-port laparoscopic surgical instruments (SLS). The aim of this
actuator is to allow these instruments to become articulated with a push of a
button in order to provide the optimum angulation required during SLS op-
erations. This new actuator is comprised of electromagnetic coil elements,
soft magnetic frames and a permanent magnet. Unlike conventional electro-
magnetic actuators, latching-type electromagnetic actuators could maintain
their positions at either end of the actuation stroke without any power appli-
cation requirement. In the current design, magnetic attraction forces initiated
between the permanent magnet and the magnetic frame are utilised to lock
the position of the actuator whilst a certain angulation position of the actua-
tor is achieved as a result of the magnetic repulsion forces established be-
tween the permanent magnet and the coil elements. The performance of the
new actuator in terms of the output force, maximum angulation and patient’s
safety, was evaluated experimentally and the results were found to compare
well with those acquired numerically using finite element methods. This ac-
tuator was seen to exhibit sufficient actuation forces and hence, it was capable
of providing adaptable angulation characteristics for SLS tools. Finally, ther-
mal evaluation of the actuator’s operation was conducted, which was found to
be within safety limits specified by clinicians.
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1. Introduction

Single-port laparoscopic surgery (SLS), which utilises one major incision instead
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of multiple incisions, has become increasingly popular in the health service in
recent years. Compared with the conventional multi-port laparoscopic surgery,
SLS has many advantages such as less postoperative pain, early return of ga-
strointestinal function, shorter length of hospital stay and fewer blood losses [1].
However, SLS suffers from several problems such as inadequate exposure of the
surgical field, surgical instrument crowding and lack of internal maneuverability
for surgical tools, which have impeded the advancement of the SLS technique [1]
[2] [3]. In addition, concerns have been raised that these problems have in-
creased the length of operative times, which may potentially increase the risk of
SLS operations for patients [4]. In order to solve some of the above SLS prob-
lems, several attempts have been carried out, for example, to improve the flex-
ibility of SLS surgical instruments using a robotic platform [5], to direct the SLS
camera using external magnetic fields [6] and to use pre-bent surgical instru-
ments [7]. However, the sophisticated robotic instruments add to the cost and
complexity of the surgery, and the time of training [8] [9] [10]. In addition, most
of the developed tools could not be used as universal tools since they have their
own limitations, including insufficient angulation and deficient force or torque
output [11]. Consequently, a more practical approach is now necessary to ad-
vance SLS procedures. In this activity, the authors have been engaged in the de-
velopment of novel latching-type electromagnetic actuators that could be em-
bedded along SLS tools with the aim to enhance their levels of stiffness and de-
grees-of-freedom.

The applications of electromagnetic actuators in medical devices have seen a
surge in recent years [12] [13] [14] [15]. This is attributed mainly to their rela-
tively low magnetic energy that is deemed safe for patients as well as their un-
complicated fabrication and after use sterilisation processes. However, in order
to introduce the electromagnetic actuator technology into the optimisation of
SLS instruments, some difficulties need to be addressed including the remarka-
ble reduction of the force output with the miniaturisation of these actuators [15]
[16]. In addition, the inevitable heat buildup caused by the continuous current
feed to energise the magnetic circuit of these actuators has been found in certain
medical applications as a problem since it breaches the patient’s safety [17]. This
problem was overcome in some applications using latching-type electromagnetic
actuators, which utilise a permanent magnet to lock the position of the actuator
instead of the magnetic energy generated by the continuous activation of the ac-
tuator’s electromagnetic circuit [18]. However, these new generations of elec-
tromagnetic actuators, which incorporate springs to aid their actuation, were
aimed for relatively large applications, such as the actuation of valves of internal
combustion engines [18]. Therefore, in order to miniaturise the existing latch-
ing-type electromagnetic actuators and make them suitable for SLS applications,
a comprehensive work is required to optimise their structure, material and exci-
tation level.

This paper reports on the performance evaluation of a new miniaturised

latching-type electromagnetic actuator which utilises a permanent magnet and
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dual-coil design for position locking and actuation, respectively. This new actu-
ator is proposed to be embedded along SLS surgical instruments, which can be
squeezed through a standard tocar-port, to enable the tool’s angulation that is
required during SLS operations. Special SLS requirements such as the tro-
car-port size, central channel for passing a cable to control the end effector, force
output level and angulation degree rather than just a linear stroke have all been
considered in the design of the new actuator. In this study, the performance of
the new actuator under various input conditions was assessed using numerical
and experimental approaches. A thermal camera was also employed to evaluate
the optimum duty cycle of the actuator operation, which ensures patients safety.
Finally, the overall performance of the new actuator is discussed and compared

with other competitive actuators.

2. Actuator Design and Optimisation

The new latching-type electromagnetic actuator, Figure 1, comprises of two
electromagnetic coil elements, one at either end of its central chamber, a per-
manent magnet armature which could slide along the central chamber and a
solid shell made from a soft magnetic material. This actuator was designed to be
cylindrical in shape in order to match the shape of SLS trocar port. Also, a cen-
tral channel was allowed in the design of the new actuator which spans its whole
length to accommodate a guide wire that is used to control the end effector of
the surgical instrument. In addition, an air gap feature was allowed in the mag-
netic circuit of the actuator with the aim to enhance the magnetic interaction
between the coil elements and the permanent magnet. Furthermore, a solid tita-
nium sliding element was added on the side of the actuator shell, which is linked
to the side of the permanent magnet armature to transmit its linear actuation
into a bending action using a swivelling element at the top of the actuator. Since
the new actuator is proposed to be embedded along SLS tools, the above ar-
rangement should enable the controlled angulation of these tools as necessary

during SLS operations.

~ Top
Swivelling
part
Side Link el
channel
Coiis
Permanent
magnet

Figure 1. Cross-section views of the new actuator
in its straight (left) and bending (right) positions.
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The new actuator utilises the magnetic force established between the perma-
nent magnet and the soft magnetic ends of the central chamber to maintain the
position of the armature during the deactivated status of the actuator. When an
actuation is required, the coil that is close to the permanent magnet is supplied
with a short current pulse to generate an opposite magnetic field which is de-
signed to neutralise and overcome the magnetic field of the permanent magnet.
As a result, the permanent magnet is subjected to a repelling magnetic force
which drives it towards the other end of the central chamber. Once the armature
completes its full stroke and is in contact with the other chamber end, it again
becomes firmly locked in its new position under the effect of the magnetic at-
traction forces with the chamber end while the coil is deactivated. Consequently,
the transformation of the armature between the two locking positions should
generate the required angulation of the actuator end, which is used in the cur-
rent application to provide SLS tools with the necessary bending output.

In order to optimise the design of the new actuator, 3-D electromagnetic finite
element analyses were carried out using Ansys Workbench software (Version
17.0) with its associated magnetostatic module. The actuator 3-D model was
created using Solidworks CAD software (Version 2016) and subsequently ex-
ported into the Ansys Workbench environment. The components of the 3-D
model were set up with their specific properties and then meshed with a maxi-
mum element length of 0.0002 m as shown in Figure 2. The permanent magnet
armature was assumed to travel statically along its imaginary stroke between the
two ends of the central chamber, whilst the total magnetic force acting on the
permanent magnet and the corresponding coil-energising current were recorded
as a function of the stroke path length.

The most important design factors that are expected to critically affect the
overall performance of the developed actuator were identified, which included
the size of the electromagnetic coils and their excitation level in addition to the
size of actuator’s outer shell, height of the actuation channel and the size and
grade of the permanent magnet.

A step-by-step optimisation process of the above parameters was carried out,
which is summarised in Figure 3. It was found that the size of the electromag-
netic components and the excitation level of the coil elements are proportional
to the output of the actuator before the magnetic saturation limit of the actuator
material was reached. The systematic actuator optimisation process eventually
made it possible for a balance between the size and the output of the actuator to
be achieved. The main parameters of the optimised actuator are summarised in
Table 1.

Using a conventional CNC machining facility, the new actuator was then
manufactured. The machined magnetic parts were subsequently annealed in or-
der to regain the original magnetic properties of the material and also to remove
any carbon residue from the surface of the parts. Figure 4 shows the manufac-

tured actuator.
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A conservative model was developed to estimate the effects of the short cur-
rent pulse on the temperature rise of the actuator, and the operating duty cycle.
The heat generated by the coil, W subjected to a direct current pulse feed, which
is equivalent to the power consumption of the coil element during one complete

period of the duty cycle, was estimated using:

Figure 2. Mesh of the actuator model.
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Figure 3. Flowchart of the new actuator design optimisation procedure.
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One penny coin

Figure 4. Prototype of new latching-type electromagnetic
actuator shown next to a penny coin.

Table 1. Parameters of the optimised actuator.

COIL
Coil Wire Diameter 0.29 mm
Number of Wire Turns per Coil 192
Applied Current 6.7 A
Coil Current Density 80,000 kA/m?
Conducting Area 17.5 mm?’
PERMANENT MAGNET
Inner Diameter 2 mm
Outer Diameter 8 mm
Thickness 2 mm
Grade Neodymium N52
ACTUATOR
Outer Diameter 10 mm
Height 31.6 mm
Central Channel Diameter 2 mm
Maximum Linear Stroke of Magnet 1.5 mm
Shell Material MaxiMag Low-Carbon Magnetic Iron
w=1I Rt (1)

where £, is the current pulse width that is also the duration during which the
circuit is open, I, is the peak value of the direct short current pulse and R, is

the maximum resistance of the electromagnetic coil at the peak temperature.
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The temperature rise, A 7"of the coil element is given by [19]:
w o IRt
ASt, ASt,

AT =

where A is the heat dissipation coefficient, S is the surface area of the coil and ¢
is the heat dissipation (temperature decay) time which is the sum time of one
duty cycle. The duty cycle, D is then approximated by the ratio /¢ [19], which
is also given by:

t, ATAS
LR

max

D= (2)

The relationship between the heat dissipation coefficient, A and the tempera-

ture rise, AT could then be expressed by [19]:
A =0.039AT +8.83 (3)

By substituting Equation (3) into Equation (2), the optimum operating duty
cycle under various operational conditions could then be estimated. The deter-
mination of the optimum operating duty cycle is essential in the current medical
application since any operation that is more frequent than this duty cycle may
result in an elevated coil temperature which could cause potential problems for

the patients.

3. Experimental Arrangement

Various experimental protocols were designed to allow the systematic assess-
ment of the performance of the new actuator, which included the least activation
current tests, magnetic force tests and thermal tests aimed for the evaluation of
the optimum working duty cycle of the actuator. The overall performance of the
new actuator was then identified by analysing the results of the above tests under
different conditions. A special circuit was designed to control the width of the
short current pulse (between 0.1 s and 1 s), which is required for the excitation
of the electromagnetic coils of the actuator. After several trials, it was found that
the actuation performance of the actuator was not significantly affected when
the current pulse width was varied along the above range, which indicates that
the response time of the actuator is faster than 0.1 s as a result of the small linear
stroke of the actuator. Hence, and aiming for a reduction in the temperature of
the electromagnetic circuit of the actuator, the current pulse width, # was fixed

at 0.1 s in all subsequent experiments.

3.1. Least Activation Current Test Setup

In this study, the least activation current of the electromagnetic coil of the new
actuator is defined as the minimum applied current that is required to generate a
magnetic field capable of releasing the permanent magnet from a locking status,
which should then be ready to move along the sliding central chamber with a
further current supply. Under this current level, there should be a balance be-

tween the magnetic forces generated by the permanent magnet and the electro-
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magnetic coil. In this test, ReaseJoy (Model QW-MS3010D) adjustable power
source in addition to the current pulse width controlling circuit were used to
energise the electromagnetic coil of the actuator whilst an Agilent Technologies
(Model U3401A) digital multi-meter was used to record the peak value of the
applied current. In this arrangement, the flat end of the shell of the actuator was
connected to a solid horizontal platform while the permanent magnet armature
was allowed to be attracted and attached to the upper end of the central cham-
ber. Also, the permanent magnet was disconnected from the solid sliding link of
the actuator in order to reduce any friction between the permanent magnet and
the actuator shell. The applied pulse current was then gradually increased in
steps of 0.1 A until the permanent magnet becomes detached from the central
chamber upper end, which then drops towards the other end of the chamber
with further current increase. Therefore, the peak current, which was recorded
when the permanent magnet armature becomes detached from the upper end of
the central chamber, was considered as the least activation current of the elec-
tromagnetic coil element.

In order to confirm the validity of this test, the procedure was repeated several
times when the gap between the permanent magnet and the upper end of the
central chamber was gradually increased using PTFE layers with specific thick-
nesses. The measured least activation current results were also compared with
the numerical current results that were obtained from finite element simulations
which will be detailed in Section 4.1.

3.2. Magnetic Force Test Setup

Magnetic force tests were conducted using a Tinius Olsen tensile machine, mod-
el H5KS. The shell of the actuator was vertically aligned and fixed to the upper
10N load cell of the machine whilst a non-magnetic metallic rod, which was
supported by the platform of the machine, was routed through the central chan-
nel of the actuator and bonded to the permanent magnet. As a result, the posi-
tion of the permanent magnet along the central sliding chamber could be con-
trolled through precision axial input displacements that were supplied by the
tensile machine and the corresponding total magnetic force acting on the per-
manent magnet was measured by the load cell of the machine. Figure 5 shows
this experimental arrangement.

In this test, the ReaseJoy power supply as well as the current pulse width con-
trolling circuit were used to energise the actuator, and the total magnetic force
on the permanent magnet was measured for various positions along the actua-
tion stroke for the two cases when the coil was activated and deactivated. The
results of this test were compared with the numerical results that were obtained

from the same finite element method which will be detailed in Section 4.1.

3.3. Thermal Test Setup

A Micro-Epsilon infrared thermal camera, model thermoIMAGER TIM 160 was

DOI: 10.4236/jmp.2019.1014109

1666 Journal of Modern Physics


https://doi.org/10.4236/jmp.2019.1014109

H. C. Wang, A. El Wahed

| LoadCell

P e -

.
!

= | Non-magnetic |-
| Metallic Rod
s

| Multi-meter

Current Pulse
Width Control
Circuit

Figure 5. Magnetic force test setup.

employed to evaluate the thermal performance of the new actuator. The camera
was placed in front of the actuator which was energised using the same circuit
that was detailed in Section 3.1. In order to analyse the effect of the current exci-
tation on the thermal load of the actuator, the coil element was supplied with a
continuous current of 6.7 A until the thermal camera recorded a maximum
temperature of 50°C in the detection area (nearby the upper coil position) of the
actuator after which the current supply was stopped and the actuator was al-
lowed to cool down naturally while the camera was still recording. The ambient
temperature during these experimental investigations was maintained at 27°C.
Thermal analysis has also been conducted using Ansys Workbench software
which will be detailed in Section 4.3. The thermal test results were used to eva-
luate a proper working duty cycle of the actuator that maintains the safety of pa-
tients during the operation of this actuator in SLS environments within tolerable

levels.

4. Results and Discussion

In order to maintain consistency in this investigation, it was decided to allow the
permanent magnet to start its stroke from the top-end of the central chamber in
all the tests reported in this section.

An ISO-Tech oscillator, model IDS 8062, was employed to measure the rise
time of the pulse current excitation of the actuator’s electromagnetic coil. It was
found that the average rise time is under 2 ps for pulse current excitations up to
6.7 A, which is negligible compared with the pulse current width that is around
100,000 ps (0.1 s). Therefore, the effect of the rise time of the applied pulse cur-

rent on the results was not taken further into account in the subsequent tests.
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4.1. Least Activation Current

The least activation current was measured for various gap thicknesses between
the permanent magnet and the upper end of the central chamber, which were
created by the addition of PTFE layers and the results are shown in Figure 6.
The thickness of this gap was increased gradually up to a total thickness of 0.75
mm which represents half of the complete linear actuation stroke.

Also, a finite element analysis (FEA) using Ansys software was carried out to
estimate comparable least activation current values which are also presented in
Figure 6. This FEA model utilised the Ansys “Edge-Based” analysis method and
a 3-D 20-node element, type “Solid 236”, which is capable of modelling electro-
magnetic problems. In addition, a boundary, which was represented by a spher-
ical air ball of 0.04 m diameter and subjected to a magnetic flux parallel condi-
tion of 0 mV, was allowed to encircle the actuator model. Moreover, material
properties such as the B-H curve of the MaxiMag steel [20] as well as the coer-
cive force and the residual induction of the permanent magnet [21] were subse-
quently specified in the FEA environment. Finally, the upper coil element was
chosen as the source conductor in these FEA analyses. The least activation cur-
rent values were then estimated using the Ansys FEA model following the same
procedure that was applied to measure them experimentally. In particular, the
supplied current to the upper coil element was gradually increased until the total
force estimated on the permanent magnet armature was approximately zero +
0.01 N. This current was then recorded as the least activation current which
should enable the permanent magnet to detach itself from the upper end of the
central chamber and subsequently slides towards the other end of the chamber
with further current increase.

It can be seen, Figure 6 that for a zero gap, a current of about 3.3 A was re-
quired to energise the upper end coil element of the actuator in order to generate
the required magnetic field that was sufficient to neutralise the permanent mag-
net field effect which initially permitted the locking status. However, when a gap
of about 0.75 mm thick was allowed between the permanent magnet and the
upper end of the central chamber, zero magnetic force was estimated on the
permanent magnet without any current application as the magnet was exactly in
the middle between the two ends of the central chamber and hence, the attrac-
tion forces established between the permanent magnet and the two ends ba-
lanced each other. Furthermore, it can be noted from Figure 6 that the numeri-
cal and experimental results are in a good agreement, indicating the validity of

the employed Ansys finite element modelling technique.

4.2. Actuator Magnetic Force

Systematic testing of the new actuator was carried out and it was apparent that
the optimum operation of the actuator was achieved when the current density of
the electromagnetic coil element was approximately 80,000 kA/m* which cor-

responds to an applied current of about 6.7 A. The total magnetic force acting on
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the permanent magnet armature was recorded along the linear actuation stroke
for the two cases when the coil was deactivated and activated. In addition, these
forces were determined using the Ansys finite element method that was detailed
in Section 4.1. Figure 7 shows a comparison between the simulated and experi-
mental total forces.

It can be seen that the magnetic force acting on the permanent magnet when
it is in contact with one of the ends of the sliding chamber (locking status) was
around 6.8 N whilst a magnetic force of about 2.5 N was required to start its
actuation. These forces in association with the 5 mm offset that was allowed be-
tween the hinge of the side sliding link and the hinge of the top swivelling com-

ponent enabled the new actuator to produce a torque output of about 34 mN.m.

35

A Experimental Data

3 4 = = = Simulated Data

Least Activatiion Current (A)

0 T T T T T T T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Gap between Armature and Central Chamber Top-end (mm)

Figure 6. Least activation current versus gap between central chamber upper end and
permanent magnet.
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Figure 7. Total magnetic force on the permanent magnet along the actuation stroke.
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4.3. Actuator Thermal Performance

The thermal assessment of the new actuator was carried out, as detailed in Sec-
tion 3.3, under a maximum current excitation of 6.7 A which is the current un-
der which the optimum actuator performance was achieved. The results of this
test are shown in Figure 8 where the temperature growth and decay are seen to
follow certain paths over a period of about 200 s. The 50°C maximum tempera-
ture target represents the maximum safe temperature that is allowed in SLS op-
erations without causing damages to human tissues [22].

The duty cycle of the coil was then obtained using Equation (2) for which cer-
tain parameters were required including the coil surface area, maximum applied
current and the temperature rise from the ambient level to the 50°C target to-
gether with the heat dissipation coefficient and the coil resistance. The first three
parameters were substituted into the above equation as § = 358.032 mm?, I, =
6.7 A and AT = 23°C, respectively. The heat dissipation coefficient, 1 was esti-
mated using Equation (3) which was found to be 9.727 whilst the electrical resis-
tance of the coil element, R, was measured immediately after the temperature
began to drop from the 50°C level using a multi-meter and it was found to be
approximately 1.6 Ohm. Accordingly, the duty cycle was estimated as 1.115 X
107%. This means that a heat dissipation time, # would be around 89.7s with the
assumption of ¢ as 0.1 s. As a result, the surgeon could actuate each single actu-
ator about 4 times in every 3 minutes without breaching the safe heat generation

level, which is a normal practice in most SLS operations.

4.4. Summary of Actuator Performance

The estimated overall performance of the new actuator is summarised in Table
2, which is benchmarked against the performance of other actuators already re-
ported in the literature for SLS applications. According to this table, the torque
and force output of the new actuator were found to be adequate to generate the
bending required by SLS tools. This was achieved when the new miniature size
actuator was energised by a low voltage feed in comparison with the relatively
large actuators (reported in Table 2), which employed large power units and
complex power transmission (see for example, the fluidic actuator requirements,
including the need for fluid tank).

Important design parameters such as the length, total diameter and weight of
the new latching-type electromagnetic actuator, which are 31.6 mm, 10 mm and
23 grams, respectively should permit its application to optimise the function of
SLS tools. In addition, the 30° bending angle which is produced by the new ac-
tuator should enhance SLS tools articulation and adaptation to various SLS op-
eration conditions. This articulation ability should be increased further if 3 to 4
new actuators are embedded at joints along the shaft of SLS tools, which should
permit at least 6 degrees-of-freedom and 90° to 120° angulations in total. Fur-
thermore, the results of the thermal tests have shown that considering conven-

tional SLS surgical protocols, the new actuator is safe enough for operations in
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SLS environments. Finally, a conventional SLS tool was modified to enable its
articulation and facilitate multi-degrees-of-freedom motions when three proto-
types of the new electromagnetic actuator, which could be individually con-
trolled, were embedded in tandem (back to front) along its shaft, as shown in
Figure 9. In future work, the reliability and practical performance of the devel-
oped articulated SLS tool with its associated electromagnetic actuators would be

the subject of an intensive programme of clinical trials.

54.6
.............................. Experimental Results | | 6.7
50 - A oo Applied Current
: 5.36
45.4 A

Temperature (°C)
g
o]
[3e)
A
Applied Current (A)

36.2 1 134
316 0
27 : : : : 134
0.01 0.1 10 100

1
Time (Second)

Figure 8. Temperature variation versus time for the new actuator under 6.7 A excitation.

[} | ez

Figure 9. An SLS instrument prototype incorporating three new latching-type
electromagnetic actuators (shown in its straight and articulated position).

Table 2. Performance of different actuators proposed for SLS applications.

Total Outer Torque Bending
Actuator Type .
Length (mm) Diameter (mm) Output (mN.m) Angle
Tendon Drive Actuator [23] 35 12.5 5.7-17.5 45°
Double-Screw Drive Actuator [24] 50 30 High 45°
Pneumatic Drive Actuator [25] 50 35 N/A 120°
Fluidic Drive Actuator [26] 78.4 9.6 26.39 125°

New Latching-Type

31.6 10 34 30°
Electromagnetic Actuator
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5. Conclusions

This paper reports on a new latching-type electromagnetic actuator that is de-
veloped for applications in single-port laparoscopic surgery (SLS). Various expe-
riments were conducted with the aim to evaluate the performance of the new
electromagnetic actuator. The actuator performance was benchmarked against
that obtained using finite element modelling techniques which were executed
using Ansys Workbench software and the agreement between the two sets of re-
sults was found to be good. In particular, the employed finite element model was
capable of predicting the actuator’s least activation current, total magnetic force
and thermal behaviour under various input conditions. This indicated that the
developed finite element techniques would be suitable to design other electro-
magnetic-type actuators that could be developed for various engineering appli-
cations.

The performance of the developed new actuator was found to satisfy current
requirements in SLS operation. In particular, the size and weight together with
the torque and bending outputs of the new actuator were found to exceed those

offered by several other actuators that were also aimed for SLS applications.
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