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A Magnetic Manipulator
Cooled With Liquid Nitrogen

J. Leclerc, B. Isichei, and A. T. Becker

Abstract—Miniature robots manipulated by external magnetic
fields could enable less invasive surgeries. Magnetic tools, cap-
sules, or medication can be controlled inside a human body
using electromagnets. However, resistive magnetic devices able
to produce strong magnetic fields in a large volume inefficiently
use space and energy. This paper presents the design and testing
of a magnetic manipulator cooled with liquid nitrogen. This
technique reduces the electrical resistance of copper wires. It
therefore reduces the amount of heat generated to produce a
given magnetic field. Liquid nitrogen-cooled electromagnets are
smaller than air-cooled ones and use less power. This paper
examines how both effects scale with the size of the workspace.
The system presented possesses six electromagnets and its ability
to control a robot is demonstrated experimentally.

Index Terms—Medical Robots and Systems, Force Control,
Micro/Nano Robots.

I. INTRODUCTION

AGNETIC actuation enables non-contact manipulation

from a distance. This paper describes a magnetic ma-
nipulator, shown in Fig. 1, that uses coils cooled by liquid
nitrogen to reduce the size and power required to generate
dynamic magnetic fields. Magnetic technologies have promise
for several areas, including as actuation for minimally invasive
surgery [1], [2]. Minimally invasive surgeries reduce patient
recovery time, pain, and risks of infection [3]. These proce-
dures are most often performed using a catheter, a tubular
device that can access remote areas of the body through small
incisions. If all catheter actuation is applied at the proximal
end, it is increasingly difficult to accurately control force and
orientation of the distal tip as the length increases.

Magnetic actuation can be used to improve the effectiveness
of minimally invasive surgeries. The company Stereotaxis [1]
manufactures a magnetic system able to control the tip of a
magnetic catheter and therefore increase the precision of the
medical procedure. The device uses two permanent magnets
rotating around the workspace.

Unfortunately, calcified fat deposits can build up inside ar-
teries during the life of a person, a condition called atheroscle-
rosis [4]. These deposits, called plaques, may be detached by
the friction between the catheter and the walls of the blood
vessel and cause a stroke [5], [6].
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Fig. 1. Picture of the magnetic manipulator while functioning. Inset shows
view from the camera used to obtain position feedback of the robot. See video
overview in the attachment or at https:/fyoutu.be/OZbTLjnQLyQ.

Tetherless magnetic robots could further decrease the inva-
siveness of procedures [2]. The idea is to use external magnets
to manipulate a small magnetic tool or capsule placed inside
a patient. The absence of tethers and the ability to navigate
without touching the blood vessel walls [7] reduces the risk of
plaque detachment. A fast and accurate tracking method can
enable precise control of the robot position during navigation.
However, permanent magnets are limited by their maximum
rotational speed and acceleration and are therefore often un-
suitable for fast dynamic control. In contrast, electromagnets
(EM) can generate magnetic fields with fast dynamics without
moving parts. Their magnetic field change rate is limited by
either the power of the generator or the maximum voltage the
magnet can sustain.

MRI scanners have EM and can be used as magnetic
manipulators [8]-[10]. When a ferromagnetic piece (the robot)
is placed inside this device, it becomes magnetized by the
main magnetic field. Because the main field is approximately
uniform (less than 1 ppm of inhomogeneity [11]), it does
not produce significant forces on the robot. Instead, the MRI
gradient coils can be used to produce a controlled force.

The major advantage of using of MRI scanners for magnetic
manipulation is that they are already widely available in
hospitals and the robot’s position can be tracked in real-time
using the MR signal [10], [12]. However, the large static
magnetic field in an MRI permanently orients the magnetic
field in the same direction, making torque control of robots
impossible. The gradient coils can be used to generate forces
on the robot.

Power consumption and heat dissipation are the primary
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limitations on EMs. The current circulating inside a conductor
produces Joule losses. Electromagnetic field strength is limited
by its maximum power dissipation density. More compact
magnet designs can be achieved by reducing the amount of
losses produced per unit of flux density. If power consumption
is not a concern, the maximum power dissipation density can
also be increased.

Adding a ferromagnetic core to an EM is an effective way
to increase the magnetic field and the forces produced without
increasing the losses. Cores enable increasing the inductance
value which in turn increases the total flux produced per
ampere. However, the use of a ferromagnetic core requires
a closed bore geometry for the magnet. This is often an issue
for medical applications. MRIs are designed with open bores
on two opposite sides to accommodate the patient. Additional
openings could allow medical staff to access the patient during
the procedure and decrease feelings of claustrophobia.

Using liquid nitrogen (LN2) is another way to decrease
the amount of losses produced per unit of flux density.
This method decreases the value of the electrical resistivity
of copper and therefore allows more current to circulate
inside the magnet for a given amount of losses. Cooling
the EM to cryogenic temperatures offers another advantage:
because the temperature of the coolant is low, the maximum
safe temperature increase of the coil is larger. LN2 cooling
therefore increases the maximum power dissipation density.
LN2 is cheap (approximately 0.13 USD/Liter) and available
in industrial quantities. It is non-toxic as gaseous nitrogen
composes 78% of the volume of our atmosphere. However, if
large quantities of liquid nitrogen are evaporated, the level of
oxygen in the room might decrease. An adapted ventilation
system and a low oxygen alarm must be used to prevent
anoxia.

This paper presents the design and test of a magnetic
manipulator cooled with LN2. A demonstration system is
described in §II. The motivations and technical difficulties
associated with this type of cooling are discussed in §IIL
A method to perform inverse magnetic calculations is then
explained in §IV. A robot trajectory controller is described
in §V. Next the system singularities are analyzed for 3-DOF
control of a permanent magnet in §VI. Experimental results
are presented and analyzed in §VII. The paper concludes with
lessons learned in this study.

II. SYSTEM PRESENTATION

The magnetic manipulator in Fig. 1 is designed to fit
a human heart phantom. Detailed build instructions, a bill
of materials, and CAD models are available'. The working
volume is a sphere with radius 0.075 m. The system is
composed of six copper coils arranged in a cubical shape
(see Fig. 2). Each coil is placed and held in an independent
cryostat. The cryostats contain the LN2 and were built using
G10. G10 is a fiberglass-epoxy composite able to withstand
cryogenic temperatures. Ordinary plastics become brittle at
cryogenics temperatures, but G10 remains resilient. G10 is
also electrically nonconductive, an important feature to avoid

! github.com/RoboticSwarmControl/magnetic-manipulator-12n-source
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Fig. 2. CAD model of the magnetic manipulator: (a) exploded view of three
cryostats, (b) cross-section view.

induced currents. Induced currents generate a magnetic field
that opposes variations in the applied field, making the system
less responsive. Induced currents also generate heat.
Uninsulated G10 walls become cold and water present in
air condenses and freezes on them. This ice could interfere
with objects in the workspace. To prevent icing, the cryostat
walls facing the workspace are insulated by a 10 mm thick
layer of Styrofoam insulation. Six acrylic plates (one for each
internal face) containing a resistive heater and a thermocouple
temperature sensor cover the inner face of the insulation. The
temperature of the internal walls surrounding the workspace
are regulated using a real-time controller. The evaporation rate
of LN2 is the quotient P,/.%, where ¢ is the latent heat of
vaporization, equal to 200 kJ/kg for LN2 and P, is the power
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Fig. 3. Block diagram of (a) the physical hardware and (b) the controller used for position control.

dissipated. The maximum power consumption of each coil of
the system is 2 kW which correspond to an LN2 evaporation
rate of 0.6 Kg/min or 0.74 I/min.

12 Kepco BOP 20-50 generators power the system. Each
power supply can generate 20 A under 50 V. Each coil is
powered by two of these supplies connected in series. Each
coil can, therefore, receive a maximum of 20 A under 100
V. Each set of power supplies is controlled via an analog
input. While the current inside an EM is directly proportional
to the magnetic flux density produced, the voltage applied
on an EM is proportional to the time derivative of the flux
density. It is therefore easier to control the produced magnetic
field by controlling the current rather than the voltage on the
EM. The BOP power supplies can do this when controlled
in current mode. In this mode, the power supplies output a
current proportional to an analog input.

An industrial controller IC-3173 from National Instrument
is used for real-time computation, as shown in Fig. 3(a). A
set of two Basler acA2040 cameras are attached at orthogonal
faces of the magnetic manipulator. These cameras are used to
obtain robot position and orientation in real-time (100 Hz).
Two high precision NI 9263 analog modules are used to
generate the analog signal controlling the power supplies.

The laboratory is equipped with a low oxygen alarm (Hon-
eywell BW Clip, approximately 140 USD).

III. COOLING WITH LIQUID NITROGEN
A. Motivations

The voltage U; at the terminals of a resistive coil can be
calculated using the following equation:
dI(t)

T‘i‘R(i)-I(i), (1)

where [ is the current in the coil, L is the coil inductance,
and R is the coil resistance. Two components are present in
this equation:

o The term L - dI(t)/dt is related to the magnetic energy
change rate. This term does not cause losses if a four
quadrant power supply is used. This type of power supply
has the ability to transfer stored magnetic energy back to
the electrical network. It is desirable to maximize L -

U=L

dI(t)/dt because a high magnetic energy change rate
generates a large force change rate, a desirable feature
for robot control.

o The term R(¢)-I(¢) is associated with Joule losses. It is an
undesirable term for two reasons. First, it causes the coil
to heat and decreases the energy efficiency of the system.
Secondly, power supplies are limited by their maximum
voltage. The voltage across the coil is shared between
the two terms of equation 1. If the term R(¢) - I(t)
is increased, less voltage is available for the term L -
dI(t)/dt. LN2 cooling allows reducing the value of R(t)
by 87%:;

The magnetic flux & produced by a solenoid is proportional
to its inductance as shown in (2). In [13], the authors use a
ferromagnetic core to increase the value of L and therefore
increase the amount of force generated. LN2 cooling is differ-
ent and increases the generated field by increasing the value
of I(¢).

&(t) =L-I(1) (2)

It is technically difficult to scale up magnetic manipulators
[13]. Air-cooled human-size manipulators would use compar-
itively large electromagnets to produce the magnetic field. This
technical challenge could potentially be solved using LN2
cooling. This type of cooling enables a significant decrease
in the system price, size, mass and/or improve its energy
efficiency.

This tendency is illustrated in Fig. 5 and Table I, which
compares the flux density magnitude produced by different EM
designs along their revolution axis. The comparison was com-
puted using the magnetic modeling software Finite Elements
Method Magnetics (FEMM [14]). EM1 and EM3 correspond
to the EM present in our experimental setup when respectively
cooled with LN2 (EM1) and forced air (EM3). The gain of
flux density and magnetic gradient when cooling with LN2
is +435% and is relatively equal to the gain in current (see
Table II). EM2 and EM4 correspond to the same EM as 1
and 3 except that ferromagnetic cores were added to each.
The gain in flux density is small, approximately 10%. EM6
is a forced-air-cooled EM with a ferromagnetic core designed
to generate the same magnetic field as EM1. EM6 must be
2.5x longer than EM1. EMS is the same as EM6 except that
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TABLE 1
DESCRIPTION OF THE ELECTROMAGNET DESIGNS COMPARED IN FIG. 5.
Electromagnet 1D 1 2 3 4 5 6
External radius Re 110 mm 110 mm 110 mm 110 mm 110 mm 110 mm
Coil width T} 20 mm 20 mm 20 mm 20 mm 20 mm 20 mm
Coil length T 20 mm 20 mm 20 mm 20 mm 50 mm 50 mm
Number of turns 795 795 795 795 1987 1987
Copper wire AWG 22 AWG 22 AWG 22 AWG 22 AWG 22 AWG 22
Core Air Hyperco-50 Air Hyperco-50 Air Hyperco-50
Cooling method LN2 LN2 Forced air ~ Forced air ~ Forced air  Forced air
Max. cont. current 15A 715A 14 A 1.4 A L4 A L4 A
Schematic ) - Fig. 4. 3D representation of a dual-coil
collinear EM assembly.
Workspace o have an additional insulation that has a thickness Tiey Which
Eontl| - P
T reduces the internal bore diameter Dj.
T Flectomagnet The flux density B,, produced by a single current loop can
— — ~Electromagnet 2 be calculated on its revolution axis using the Biot-Savart law:

Electromagnet 3

— — - Electromagnet 4

Electromagnet 5

— — —Electromagnet &

Z [mm]

Fig. 5. Maximum sustainable magnetic flux density by different EM designs.
Magnet specifications are given in Table L

TABLE II
COMPARISON BETWEEN EM PROPERTIES AT ROOM TEMPERATURE (300K)
AND AT LN2 TEMPERATURE (77K).

300K TIK Difference
Copper electrical resistivity  1.68E-8 -m  2.15E-9 2-m -87%
Coil electrical resistance 213 Q 35Q -87%
Max continuous current 1.4 A 15 A +435%
Max cont. current density 4.3 A/mm? 23 A/mm? +435%

the ferromagnetic core was removed. The relative gain in flux
density obtained by adding a ferromagnetic core is larger for
EMS5 and EM6, suggesting that the gain is related to the aspect
ratio of length/diameter of the coil.

B. Scaling Law

This section uses analytical equations to derive the gradient
produced by two concentric electromagnets on their revolution
axis (see Fig. 4). The electromagnets have an external radius
R.. They have a rectangular 1%, x T}, cross-section. The filling
factor Fgy is assumed to be equal to 0.7. LN2 cooled magnets

po - I R ?
BU(RHJZU): 2 N (R%_'_ZE) ’

where R, is the radius of the loop and Z, is the distance
along the axis between the calculation point and the center
of the loop. The axial flux density created by a single finite
EM is obtained by integrating this equation over the EM cross
section:

3)

Be(R.,Z.) = 2ok Z-4T-/2

3
R. 2 I
z.-1.j2 Jr1, (—ﬂ—fﬂﬁ‘zu) dR,dZ, (4

= Zefan (1, + 22.) (VARE + (T= + 227 — AR~ T,)° + (L +22.)%)

HT —22,) (VARZ + (T2 — 22.) - /AR, — L) + (I. - 2Z.)")

where R, is the external radius of the coil, Z, is the distance
along the axis between the calculation point and the center of
the coil, and J is the current density inside the copper wire.
The quantity J - Fgy is the current density averaged over the
winding T, x T, cross section. The magnetic gradient G, is
calculated by the derivative of this equation with respect to
Ze:

dB.
dZ,.

The total power P, dissipated inside the EM can be com-

puted with:
Pg—ﬁ/ FFj||‘p'J2 dU,
Vv

over the volume V':
V=r (2R (R - Tinsa — Dy) — (Re ~ Tina = Dv)°) . ()

These equations were implemented in MATLAB with T, = T..
The function fminsearch was used to inverse this equation
and find the value of T, that produces the desired gradient G,
for a given R, and Z..

Fig. 6 presents simulation results obtained using equations
3 to 6. Plot (a) graphs the EM winding volume as a function
of its external diameter. The blue and red curves present
the T, that produces a gradient of 20 mT/m and 45 mT/m

Ge = 3)

(6)
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respectively. The value of 77, and therefore the volume of the
winding changes along these curves to produce the desired
gradient strength.

Black curves have been added to locate the functioning
points for a human-size system. They represent systems that
have a 0.7 m bore diameter D}, (similar to the bore diameters
of MRI scanners). Dashed lines are plotted for an air cooled
magnet while solid lines are for EM cooled with LN2.

To summarize, colored curved show systems that are able
to produce a given gradient (20 mT/m for red curves and 45
mT/m for blue curves). The value of D, is changing along
these curves. Black curves represent systems that have D,
values of 0.7 m. The produced gradient strength is changing
along these curves. The intersections of the black and colored
curves represent functioning points of systems able to produce
a given gradient strength with a D, value of 0.7 m. Plot (b) in
Fig. 6 is similar to plot (a) except that the results are presented
in terms of power consumption. These data were obtained from
the results presented in plot (a) and calculated using eq. 6.

Results show that the windings of LN2 cooled systems are
always smaller than air cooled windings. They also always
use less power. A human-size system producing 45 mT/m
would require EMs with a volume of 0.0117 m*® and 0.0585
m? for LN2 and air-cooled EM respectively. Their power
consumptions are respectively 8.56 kW and 17.2 kW. The use
of LN2 therefore allows a reduction of 80% of the winding
volume and a decrease of 50% of the power consumption.

IV. INVERSE MAGNETICS

This section analyzes 3D manipulation of a single robot
having a magnetization m. The magnetic manipulator is com-
posed of six EM controlled by independent current sources.
The total magnetic field is the sum of the field produced by
each coil. This section calculates the coil current values to
produce the desired force and torque on the robot or the desired
force and magnetic field orientation.

A. Forward problem

To simplify analysis, we first solve the forward problem
which computes the force and flux density or force and torque
using the coil currents.

The system has six EMs, numerated from 1 to 6. The
magnetic flux density Byp) produced by EM number k at
location P can be calculated using eq. 8 where I is the
current in the magnet and By(p) is a function that depends
on the geometry of the system and the position of the magnet.
The function By p) is computed assuming that the coils are
equivalent to current loops. The flux density produced by a
current loop is calculated using the semi-analytical equations
presented in [15].

Brz| Bikx(P)
Brwp) = |Bry| =Bre) It = | Beywpy | Ik ()
By By.(p)

The flux density produced by the complete system can be
computed by summing the field produced by each magnet (see
eq. 9) where I is a vector containing the current of each coil.

Bp) = (ﬁl{P} +Byp) + Bap) + Bup) + Bsp) + ﬁs(p)) I 9

01 . . . IR
(a) — — -300K 45 mT/m | /
008 | — 77K 45 mTim h S
— — -300K 20 mTim ] /
0.08 [ | ——77K 20 mTim ;I Fil 1
——-eq.1 14
0.07 - eq.2 i, 1
) * Solutions for human|
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£
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>
= 004f
o
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Fig. 6. Plot of the winding volume (a) and power consumption (b) of

air-cooled (300K) and LN2-cooled (77K) EMs. Red curves correspond to
magnetic assemblies able to produce a gradient strength of 20 mT/m at the
system center. Blue curves correspond to magnetic assemblies able to produce

a gradient strength of 45 mT/m at the system center.

It is now necessary to define three new vectors:

B::(P) = [glm(l’) EQ:::(P} §3z(p) §41(P) §57.(1:') gﬁm(P)] (10)
Bye) = [Buywe) Baywe) Bsuw) Buyw) Buwy Bowey] (1D
Bz(P) = [glz(P) §2z(p) §3z(13) §4z(p) §5z(13) gﬁz[P):| (12)
Equation 9 can be re-written as follows:
EI(P)
Bp) = |Byw)| -1 (3
B.rp
The force F is calculated with:
Fop)
F=Fyp)| =V-(m Beg), (14)

F.p)
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which can be re-written as:

o8B 0B 0B
mm-%ery-%erz- %;P)
- 9B, OB 8B,
= e By B, | 115
B, B B,
Mg - 52 +my - =+ m - =5
The torque T is calculated with:
Typ)
T = Ty(P) =mx B (16)
T.(p)
which can be re-written as:
My * Ez(P) —my - %y(P)
T= My - BE(P) — Mg - Bz(p) -1 (17)

mz - Byp) —my - Byp)

B. Inverse problem

Two inverse methods are studied. The first one aims at
controlling the flux density and the force applied on the robot
using the actuation matrix Ag:

Bap)
By)
B.p) _
A= |, 2Be® 4, OB gy, e | (1)
. Y
|mo - TR 4 my - SRR g m, . 2R
The force and flux density are equal to:
E] — A1 (19)

Ay is a square matrix and can be inverted provided that it is
not singular. The current I is calculated with:

s ]

The second method controls the force and torque applied on
the robot using the actuation matrix A

(20)

My - EZ(P) — Mz 'Ey(P)
m; - ]g’:l:(P) — Mg - :‘I_EEZ(P)

my - Byp) —my - Byp)

A= 8B.p 8B, p 8B, p 21
My~ +mmy - g My -
B (p) 9By (p) 9B (p)
My + My ;y +m, dy
Bﬁm(p) B (P) aﬁz(P}
R ) +my f;z +m, az |
The torque and force are equal to:
T
=A;-1 22
[F 1 ( )

A, is a square matrix and can be inverted provided that it is
not singular. The current I is calculated with:

I=A,""'. H (23)

F
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Fig. 7. Map of the conditioning of the actuation matrix Ag for (a) § = 0
and (f) # = /4. Map of the norm of the total current needed to produce a
force of 100 mN along the d axis (plots b, d, g and i) and along the g axis
(plots c, e, h and j). Plots b, c, d and e are plotted for # = 0 and plots g, h, i
and j are plotted for # = w /4. Plots b, c, g and h were calculated using Ap
and plots d, e, i and j were calculated using Aj.

V. TRAJECTORY CONTROL

Equation 19 shows that F is decoupled from B and T. The
control of B enables the control of the orientation of the robot.
The robot can be assumed to be oriented along the magnetic
field direction, as in [13]. The magnitude of the flux density
|B| is set to a constant value and the individual components
are calculated to obtain the desired field orientation. Another
alternative is to use eq. 23 to control the torque directly.

The trajectory is controlled using the controller presented
in Fig. 3(b). It uses a nested control structure. The inner PID
control loop regulates velocity, which is limited by a saturation
function to avoid excessive speeds and instabilities. The outer
loop generates a velocity setpoint.

The trajectory is defined by the user as a set of of viapoints
and the corresponding desired velocities V;. The outer loop
first searches for the point of the trajectory that is the closest
to the robot position and determines V;. An additional velocity
component V; is added to this value to steer the robot toward
the trajectory centerline.

When the calculated current is above the maximum value
(Imax is the maximum current the power supplies can generate)
the vector I is scaled down so that the largest element of I is
equal to Ina. This reduces the force and flux density values
applied on the robot, but has the advantage of keeping the
correct field and force orientation.
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VI. SINGULARITIES ANALYSIS FOR A 3-DOF ROBOT

As explained in §V, the orientation of the robot can be
controlled using two different methods. The first one uses
actuation matrix Ao and allows applying a desired flux density
vector B and a force F to the robot. The second uses actuation
matrix A and allows applying a desired torque T and a force
F to the robot.

When expressed in the manipulator coordinate system
(z,y, z), Ay is square. However, the robot is symmetric around
its revolution axis d and therefore no torque can be applied on
the d axis. Defining a new coordinate system (d, g, w) allows
removing one dimension from A; (i.e. Ay has a size 5x6
when expressed in the (d, ¢, w) coordinate system). The system
is therefore underdetermined and the least square solution is
calculated using eq. 24.

P (24)

o ()

The actuation matrices Ay and A; are functions of the
magnetic manipulator geometry and the robot pose.

The effect of singularities was studied for a 2D-3DOF
control. The magnet is horizontally placed on a flat surface
corresponding to the z-y plane. The robot is able to move
along = and y and rotate around the z-axis.

A 4x4 Ag and a 4x3 A, actuation matrices can be
calculated for each robot position and angle. The map of the
conditioning of the Ay matrix is shown in Fig. 7(a) and (f).
On this figure is also presented the norm of the total current
N -1 required to produce a force of 100 mN along the d-axis
(central-column) and g-axis (right-column). Plots for # = 0
and ¢ = /4 are presented. Results for other angles are shown
in the attached video.

For § = 0, Ap has two singularity lines on the = and
y axis. For # = wm/4 singularities take a rounded shape
and are located on two opposite angles of the workspace.
No solution is available when the matrix is singular. The
singularities are situated on infinitely thin lines, but the system
is ill-conditioned near the singularity lines. A large condition
number produces a large magnitude for the I vector. The
capabilities of the power supplies limit the maximum current
and when the condition number becomes too large, the current
saturates. This saturation decreases control authority over the
robot in these regions.

The norm of the total current V-1 needed to produce a force
of 100 mN along the d and ¢ axis was calculated as a function
of the robot position and angle. Plots b, c, e and f of Fig. 7
present these results. When using the Ap matrix, there are
areas where the current becomes larger than 10,000 A close
to the singularities when the force is generated along the d
axis as well as when the force is generated along the g axis.
When using A;, these large current densities are present only
when a force is generated along the ¢ axis. When the force
is produced along the d axis, the current always stays within
relatively small values. This observation is valid for any robot
orientation.
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Fig. 8. Plot of the trajectory of the robot obtained experimentally. For this
dataset, the robot completed the path ten times. The robot and the workspace
are shown at right. See attachment or https:/fyoutu.be/OZbTLjnQLyQ for
video.
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Fig. 9. Voltage, current, and power used during robot navigation. The curves
show 60 seconds of data, which correspond to the robot completing the
trajectory in Fig. 8 three times.

VII. EXPERIMENTAL RESULTS

The control of the velocity and orientation of a NdFeB
permanent magnet in a 2D plane described in §V was im-
plemented and tested using the A; actuation matrix. As
shown in §VI it is preferable to apply the force along the
magnetization axis of the robot (d-axis). The program was
therefore configured to orient the robot magnetization in the
same direction as the applied force. This allows minimizing
the value of the force applied along the g axis and therefore
improve stability by avoiding current saturations. The perma-
nent magnet was cylindrical, with a diameter of 2.5 mm and
a length of 10 mm. It was encapsulated in a black shrink tube
to facilitate computer vision tracking. The magnet was then
attached horizontally on a Styrofoam disk having a diameter
of 18 mm and a thickness of 6 mm. Pictures of the robot are
shown in Fig. 8.

A robot navigating inside fluid-filled cavities of the human
body may be designed to have neutral buoyancy to reduce
the amount of force needed. To simulate neutral buoyancy in
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this 2D control experiment, the magnet-Styrofoam assembly
floated at the surface of a water-filled tank. The magnet was
able to move freely in the = and y directions as well as rotate
around the z axis.

The method from §V was used with the A actuation matrix
from (21). The trajectory was an ellipse having a major axis
of 63 mm and a minor axis of 40 mm.

Test were performed with and without LN2 cooling. The
trajectory obtained experimentally without LN2 is presented
in Fig. 8. For these plots, the robot followed the trajectory
ten times. Trajectories obtained with LN2 cooling are similar.
The robot was stable during the navigation, but small deviation
from the centerline were observed at several locations.

The current and voltage applied on the —z EM was recorded
during one minute for both cooling methods. The instanta-
neous power was calculated from these data and the results
are presented in Fig. 9. The average power used for the air
cooled case is equal to 0.218 W whereas it is only equal to
0.037 W when magnets are cooled with LN2. This decrease
of average power consumption is enabled by the decrease of
copper electrical resistivity when cooled at 77K and produces
a decrease of the applied voltage as shown in Fig. 9(a). The
parameters of the controller were not changed between the
tests, however, the peak power is increased when LN2 is
added. This behavior could be explained by an increase of the
current regulation dynamics performed by the power supply
when the electrical resistance of the EM is decreased by the
cooling.

The power used was low because the floating robot required
little force. Applications that navigate against flow or perform
surgery require larger forces and correspondingly more power.

VIII. CONCLUSION AND FUTURE WORKS

This paper presented a magnetic manipulator using EM
cooled with LN2. Liquid nitrogen cooling allows increasing
the current circulating inside an EM up to 435%. This cooling
enables reducing the size of the EM to produce a given
magnetic field. The required electromagnets to achieve a given
flux density are cheaper to build, and the complete system is
more compact.

A desktop-size prototype was built and tested. The robot, a
cylindrical permanent magnet, was manipulated on a 2D plane.
Three DOF were controlled: the orientation and the = and y
positions.

The system was not designed to produce a uniform magnetic
field. Instead, inverse magnetic calculations account for field
non-uniformities. The current inside each coil is computed to
generate the desired force on the robot and produce the desired
field orientation.

The system’s matrix conditioning was analyzed. The matrix
is sometimes ill-conditioned, depending on the position and
orientation of the robot. Issues with ill-conditioning can be
avoided by controlling the torque directly and avoiding the
production of forces along the axis perpendicular to the robot
magnetization.

More control inputs can be added to improve the controlla-
bility of the robot. A possibility is to use additional EM, as in

[13] where eight EMs were used to control a five DOF robot,
but using additional EMs makes the system more complicated
and expensive to build.

Future study will focus on the addition of a high-frequency
component to the magnetic field to increase the controllability
of the robot. A permanent magnet could be encapsulated in a
conductive shell such as copper. If the robot is electrically con-
ductive, the AC field would induce currents in it, and generate
an additional torque as in an induction electric motor. This
AC magnetic field could also be used to control resonating
magnetic actuators as in [16]. Finally, the controller could
include a temperature management feature that calculates the
heat dissipated in the windings and avoids overheating by
preventively reducing power.

REFERENCES

[1] Stereoaxis®. http://www.stereotaxis.com/.

[2] Bradley J Nelson, Ioannis K Kaliakatsos, and Jake J Abbott. Micro-
robots for minimally invasive medicine. Annual review of biomedical
engineering, 12:55-85, 2010.

[3] TN Robinson and GV Stiegmann. Minimally invasive surgery. En-
doscopy, 36(01):48-51, 2004.

[4] 1.S. Suri, C. Kathuria, and E Molinari. Atherosclerosis Disease Man-
agement. Springer New York, 2010.

[5] Pooja Khatri and Scott E Kasner. Ischemic strokes after cardiac catheter-
ization: opportune thrombolysis candidates? Archives of neurology,
63(6):817-821, 2006.

[6] Martial Hamon, Jean-Claude Baron, Fausto Viader, and Michéle Ha-
mon. Periprocedural stroke and cardiac catheterization. Circulation,
118(6):678-683, 2008.

[7] Thibault Kensicher, Julien Leclerc, Daniel Biediger, Dipan J Shah,
Ioannis Seimenis, Aaron T Becker, and Nikolaos V Tsekos. Towards
MRI-guided and actuated tetherless milli-robots: Preoperative planning
and modeling of control. In Intelligent Robots and Systems (IROS), 2017
IEEE/RSJT International Conference on, 2017.

[8] J-B Mathieu, Gilles Beaudoin, and Sylvain Martel. Method of propulsion
of a ferromagnetic core in the cardiovascular system through magnetic
gradients generated by an MRI system. IEEE Transactions on Biomed-
ical Engineering, 53(2):292-299, 2006.

[9] Sylvain Martel, Jean-Baptiste Mathieu, Ouajdi Felfoul, Amaud Chanu,
Eric Aboussouan, Samer Tamaz, Pierre Pouponneau, LHocine Yahia,
Gilles Beaudoin, Gilles Soulez, et al. Automatic navigation of an
untethered device in the artery of a living animal using a conventional
clinical magnetic resonance imaging system. Applied physics letters,
90(11):114105, 2007.

[10] Ouajdi Felfoul, Aaron T Becker, Georgios Fagogenis, and Pierre E
Dupont. Simultaneous steering and imaging of magnetic particles using
MRI toward delivery of therapeutics. Scientific reports, 6:33567, 2016.

[11] James L Wilson, Mark Jenkinson, and Peter Jezzard. Optimization
of static field homogeneity in human brain using diamagnetic passive
shims. Magnetic resonance in medicine, 48(5):906-914, 2002.

[12] Ouajdi Felfoul, Eric Aboussouan, Amaud Chanu, and Sylvain Mar-
tel. Real-time positioning and tracking technique for endovascular
untethered microrobots propelled by MRI gradients. In Robotics and
Automation, 2009. ICRA’09. IEEE International Conference on, pages
2693-2698. IEEE, 2009.

[13] Michael P Kummer, Jake J Abbott, Bradley E Kratochvil, Ruedi Borer,
Ali Sengul, and Bradley J Nelson. Octomag: An electromagnetic system
for 5-dof wireless micromanipulation. /EEE Transactions on Robotics,
26(6):1006-1017, 2010.

[14] David Meeker. Finite element method magnetics. http.//www.femm.info,
2010.

[15] James C Simpson, John E Lane, Christopher D Immer, and Robert C

Youngquist. Simple analytic expressions for the magnetic field of a

circular current loop. 2001.

Karl Vollmers, Dominic R Frutiger, Bradley E Kratochvil, and Bradley J

Nelson. Wireless resonant magnetic microactuator for untethered mobile

microrobots. Applied Physics Letters, 92(14):144103, 2008.

[16]


http://www.stereotaxis.com/
http://www.femm.info

