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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

MAGNETIC 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, calledplaques, 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://youtu.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§III.
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. SYSTEMPRESENTATION

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 available1. 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

1github.com/RoboticSwarmControl/magnetic-manipulator-l2n-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 quotientPo/L, whereL is the latent heat of
vaporization, equal to 200 kJ/kg for LN2 andPois the power

https://github.com/RoboticSwarmControl/magnetic-manipulator-l2n-source
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Fig.3. Blockdiagramof(a)thephysicalhardwareand(b)thecontrollerusedforpositioncontrol.

dissipated.Themaximumpowerconsumptionofeachcoilof
thesystemis2kWwhichcorrespondtoanLN2evaporation
rateof0.6Kg/minor0.74l/min.
12KepcoBOP20-50generatorspowerthesystem.Each

powersupplycangenerate20Aunder50V.Eachcoilis
poweredbytwoofthesesuppliesconnectedinseries.Each
coilcan,therefore,receiveamaximumof20Aunder100
V.Eachsetofpowersuppliesiscontrolledviaananalog
input.WhilethecurrentinsideanEMisdirectlyproportional
tothemagneticfluxdensityproduced,thevoltageapplied
onanEMisproportionaltothetimederivativeoftheflux
density.Itisthereforeeasiertocontroltheproducedmagnetic
fieldbycontrollingthecurrentratherthanthevoltageonthe
EM.TheBOPpowersuppliescandothiswhencontrolled
incurrentmode.Inthismode,thepowersuppliesoutputa
currentproportionaltoananaloginput.
AnindustrialcontrollerIC-3173fromNationalInstrument

isusedforreal-timecomputation,asshowninFig.3(a).A
setoftwoBasleracA2040camerasareattachedatorthogonal
facesofthemagneticmanipulator.Thesecamerasareusedto
obtainrobotpositionandorientationinreal-time(100Hz).
TwohighprecisionNI9263analog modulesareusedto
generatetheanalogsignalcontrollingthepowersupplies.
Thelaboratoryisequippedwithalowoxygenalarm(Hon-

eywellBWClip,approximately140USD).

III.COOLING WITHLIQUIDNITROGEN

A. Motivations

ThevoltageUlattheterminalsofaresistivecoilcanbe
calculatedusingthefollowingequation:

Ul=L·
dI(t)

dt
+R(t)·I(t), (1)

whereIisthecurrentinthecoil,Listhecoilinductance,
andRisthecoilresistance.Twocomponentsarepresentin
thisequation:

• ThetermL·dI(t)/dtisrelatedtothemagneticenergy
changerate.Thistermdoesnotcauselossesifafour
quadrantpowersupplyisused.Thistypeofpowersupply
hastheabilitytotransferstoredmagneticenergybackto
theelectricalnetwork.ItisdesirabletomaximizeL·

dI(t)/dtbecauseahighmagneticenergychangerate
generatesalargeforcechangerate,adesirablefeature
forrobotcontrol.

• ThetermR(t)·I(t)isassociatedwithJoulelosses.Itisan
undesirabletermfortworeasons.First,itcausesthecoil
toheatanddecreasestheenergyefficiencyofthesystem.
Secondly,powersuppliesarelimitedbytheirmaximum
voltage.Thevoltageacrossthecoilissharedbetween
thetwotermsofequation1.IfthetermR(t)·I(t)
isincreased,lessvoltageisavailableforthetermL·
dI(t)/dt.LN2coolingallowsreducingthevalueofR(t)
by87%;

ThemagneticfluxΦproducedbyasolenoidisproportional
toitsinductanceasshownin(2).In[13],theauthorsusea
ferromagneticcoretoincreasethevalueofLandtherefore
increasetheamountofforcegenerated.LN2coolingisdiffer-
entandincreasesthegeneratedfieldbyincreasingthevalue
ofI(t).

Φ(t)=L·I(t) (2)

Itistechnicallydifficulttoscaleupmagneticmanipulators
[13].Air-cooledhuman-sizemanipulatorswouldusecompar-
itivelylargeelectromagnetstoproducethemagneticfield.This
technicalchallengecouldpotentiallybesolvedusingLN2
cooling.Thistypeofcoolingenablesasignificantdecrease
inthesystemprice,size, massand/orimproveitsenergy
efficiency.
ThistendencyisillustratedinFig.5andTableI,which
comparesthefluxdensitymagnitudeproducedbydifferentEM
designsalongtheirrevolutionaxis.Thecomparisonwascom-
putedusingthemagneticmodelingsoftwareFiniteElements
MethodMagnetics(FEMM[14]).EM1andEM3correspond
totheEMpresentinourexperimentalsetupwhenrespectively
cooledwithLN2(EM1)andforcedair(EM3).Thegainof
fluxdensityandmagneticgradientwhencoolingwithLN2
is+435%andisrelativelyequaltothegainincurrent(see
TableII).EM2andEM4correspondtothesameEMas1
and3exceptthatferromagneticcoreswereaddedtoeach.
Thegaininfluxdensityissmall,approximately10%.EM6
isaforced-air-cooledEMwithaferromagneticcoredesigned
togeneratethesamemagneticfieldasEM1.EM6mustbe
2.5×longerthanEM1.EM5isthesameasEM6exceptthat
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TABLE I
DESCRIPTION OF THE ELECTROMAGNET DESIGNS COMPARED INFIG.5.

Electromagnet ID 1 2 3 4 5 6

External radiusRe 110 mm 110 mm 110 mm 110 mm 110 mm 110 mm
Coil widthTr 20 mm 20 mm 20 mm 20 mm 20 mm 20 mm
Coil lengthTz 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 7.5 A 7.5 A 1.4 A 1.4 A 1.4 A 1.4 A

Schematic Fig. 4. 3D representation of a dual-coil
collinear EM assembly.

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

TABLE II
COMPARISON BETWEENEMPROPERTIES AT ROOM TEMPERATURE(300K)

AND ATLN2TEMPERATURE(77K).

300K 77K Difference

Copper electrical resistivity 1.68E-8Ω·m 2.15E-9Ω·m -87%
Coil electrical resistance 27.3Ω 3.5Ω -87%
Max continuous current 1.4 A 7.5 A +435%
Max cont. current density 4.3 A/mm2 23 A/mm2 +435%

the ferromagnetic core was removed. The relative gain in flux
density obtained by adding a ferromagnetic core is larger for
EM5 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
Re. They have a rectangularTz×Trcross-section. The filling
factorFFillis assumed to be equal to 0.7. LN2 cooled magnets

have an additional insulation that has a thicknessTinsulwhich
reduces the internal bore diameterDb.
The flux densityBuproduced by a single current loop can

be calculated on its revolution axis using the Biot-Savart law:

Bu(Ru,Zu)=
μ0·Iu
2
·

R2u
R2u+Z

2
u

3
2

, (3)

whereRu is the radius of the loop andZu 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:

Be(Re,Ze)=
Jμ0FFill
2

Ze+Tz/2

Ze−Tz/2

Re
Re−Tr

R2u
R2u+Z

2
u

3
2

dRudZu (4)

=
Jμ0FFill
8 (Tz+2Ze) 4R2e+(Tz+2Ze)

2− 4(Re−Tr)2+(Tz+2Ze)2

+(Tz−2Ze) 4R2e+(Tz−2Ze)
2− 4(Re−Tr)2+(Tz−2Ze)2

whereReis the external radius of the coil,Zeis the distance
along the axis between the calculation point and the center of
the coil, andJis the current density inside the copper wire.
The quantityJ·FFillis the current density averaged over the
windingTz×Trcross section. The magnetic gradientGeis
calculated by the derivative of this equation with respect to
Ze:

Ge=
dBe
dZe

(5)

The total powerPedissipated inside the EM can be com-
puted with:

Pe=
V

FFill·ρ·J
2dv, (6)

over the volumeV:

V=π 2Re(Re−Tinsul−Db)−(Re−Tinsul−Db)
2
. (7)

These equations were implemented in MAT L A BwithTz=Tr.
The functionfminsearchwas used to inverse this equation
and find the value ofTzthat produces the desired gradientGe
for a givenReandZe.
Fig. 6 presents simulation results obtained using equations
3to6.Plot(a)graphs the EM winding volume as a function
of its external diameter. The blue and red curves present
theTzthat produces a gradient of 20 mT/m and 45 mT/m
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respectively.ThevalueofTzandthereforethevolumeofthe
windingchangesalongthesecurvestoproducethedesired
gradientstrength.
Blackcurveshavebeenaddedtolocatethefunctioning
pointsforahuman-sizesystem.Theyrepresentsystemsthat
havea0.7mborediameterDb(similartotheborediameters
ofMRIscanners).Dashedlinesareplottedforanaircooled
magnetwhilesolidlinesareforEMcooledwithLN2.
Tosummarize,coloredcurvedshowsystemsthatareable

toproduceagivengradient(20mT/mforredcurvesand45
mT/mforbluecurves).ThevalueofDbischangingalong
thesecurves.BlackcurvesrepresentsystemsthathaveDb
valuesof0.7m.Theproducedgradientstrengthischanging
alongthesecurves.Theintersectionsoftheblackandcolored
curvesrepresentfunctioningpointsofsystemsabletoproduce
agivengradientstrengthwithaDbvalueof0.7m.Plot(b)in
Fig.6issimilartoplot(a)exceptthattheresultsarepresented
intermsofpowerconsumption.Thesedatawereobtainedfrom
theresultspresentedinplot(a)andcalculatedusingeq.6.
ResultsshowthatthewindingsofLN2cooledsystemsare

alwayssmallerthanaircooledwindings.Theyalsoalways
uselesspower.Ahuman-sizesystemproducing45mT/m
wouldrequireEMswithavolumeof0.0117m3and0.0585
m3forLN2andair-cooledEMrespectively.Theirpower
consumptionsarerespectively8.56kWand17.2kW.Theuse
ofLN2thereforeallowsareductionof80%ofthewinding
volumeandadecreaseof50%ofthepowerconsumption.

IV.INVERSEMAGNETICS

Thissectionanalyzes3Dmanipulationofasinglerobot
havingamagnetizationm.Themagneticmanipulatoriscom-
posedofsixEMcontrolledbyindependentcurrentsources.
Thetotalmagneticfieldisthesumofthefieldproducedby
eachcoil.Thissectioncalculatesthecoilcurrentvaluesto
producethedesiredforceandtorqueontherobotorthedesired
forceandmagneticfieldorientation.

A.Forwardproblem

Tosimplifyanalysis,wefirstsolvetheforwardproblem
whichcomputestheforceandfluxdensityorforceandtorque
usingthecoilcurrents.
ThesystemhassixEMs,numeratedfrom1to6.The

magneticfluxdensityBk(P)producedbyEMnumberkat
locationP canbecalculatedusingeq.8whereIk isthe
currentinthemagnetandBk(P)isafunctionthatdepends
onthegeometryofthesystemandthepositionofthemagnet.
ThefunctionBk(P)iscomputedassumingthatthecoilsare
equivalenttocurrentloops.Thefluxdensityproducedbya
currentloopiscalculatedusingthesemi-analyticalequations
presentedin[15].

Bk(P)=




Bkx
Bky
Bkz



=Bk(P)·Ik=






Bkx(P)
Bky(P)
Bkz(P)




·Ik (8)

Thefluxdensityproducedbythecompletesystemcanbe
computedbysummingthefieldproducedbyeachmagnet(see
eq.9)whereIisavectorcontainingthecurrentofeachcoil.

(9)B(P)= B1(P)+B2(P)+B3(P)+B4(P)+B5(P)+B6(P)
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Fig.6. Plotofthewindingvolume(a)andpowerconsumption(b)of
air-cooled(300K)andLN2-cooled(77K)EMs.Redcurvescorrespondto
magneticassembliesabletoproduceagradientstrengthof20mT/matthe
systemcenter.Bluecurvescorrespondtomagneticassembliesabletoproduce
agradientstrengthof45mT/matthesystemcenter.

Itisnownecessarytodefinethreenewvectors:

Bx(P)= B1x(P)B2x(P)B3x(P)B4x(P)B5x(P)B6x(P) (10)

By(P)= B1y(P)B2y(P)B3y(P)B4y(P)B5y(P)B6y(P) (11)

Bz(P)= B1z(P)B2z(P)B3z(P)B4z(P)B5z(P)B6z(P) (12)

Equation9canbere-writtenasfollows:

B(P)=






Bx(P)
By(P)
Bz(P)




·I (13)

TheforceFiscalculatedwith:

F=




Fx(P)
Fy(P)
Fz(P)



=∇· m·B(P), (14)
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whichcanbere-writtenas:

F=







mx·
∂Bx(P)
∂x +my·

∂By(P)
∂x +mz·

∂Bz(P)
∂x

mx·
∂Bx(P)
∂y +my·

∂By(P)
∂y +mz·

∂Bz(P)
∂y

mx·
∂Bx(P)
∂z +my·

∂By(P)
∂z +mz·

∂Bz(P)
∂z





·I(15)

ThetorqueTiscalculatedwith:

T=




Tx(P)
Ty(P)
Tz(P)



=m×B (16)

whichcanbere-writtenas:

T=






my·Bz(P)−mz·By(P)
mz·Bx(P)−mx·Bz(P)
mx·By(P)−my·Bx(P)




·I (17)

B.Inverseproblem

Twoinversemethodsarestudied.Thefirstoneaimsat
controllingthefluxdensityandtheforceappliedontherobot
usingtheactuationmatrixA0:

A0=














Bx(P)
By(P)
Bz(P)

mx·
∂Bx(P)
∂x +my·

∂By(P)
∂x +mz·

∂Bz(P)
∂x

mx·
∂Bx(P)
∂y +my·

∂By(P)
∂y +mz·

∂Bz(P)
∂y

mx·
∂Bx(P)
∂z +my·

∂By(P)
∂z +mz·

∂Bz(P)
∂z














(18)

Theforceandfluxdensityareequalto:

B
F
=A0·I (19)

A0isasquarematrixandcanbeinvertedprovidedthatitis
notsingular.ThecurrentIiscalculatedwith:

I=A0
−1·

B
F

(20)

Thesecondmethodcontrolstheforceandtorqueappliedon
therobotusingtheactuationmatrixA1

A1=














my·Bz(P)−mz·By(P)
mz·Bx(P)−mx·Bz(P)
mx·By(P)−my·Bx(P)

mx·
∂Bx(P)
∂x +my·

∂By(P)
∂x +mz·

∂Bz(P)
∂x

mx·
∂Bx(P)
∂y +my·

∂By(P)
∂y +mz·

∂Bz(P)
∂y

mx·
∂Bx(P)
∂z +my·

∂By(P)
∂z +mz·

∂Bz(P)
∂z














(21)

Thetorqueandforceareequalto:

T
F
=A1·I (22)

A1isasquarematrixandcanbeinvertedprovidedthatitis
notsingular.ThecurrentIiscalculatedwith:

I=A1
−1·

T
F

A
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Fig.7. MapoftheconditioningoftheactuationmatrixA0for(a)θ=0
and(f)θ=π/4.Mapofthenormofthetotalcurrentneededtoproducea
forceof100mNalongthedaxis(plotsb,d,gandi)andalongtheqaxis
(plotsc,e,handj).Plotsb,c,dandeareplottedforθ=0andplotsg,h,i
andjareplottedforθ=π/4.Plotsb,c,gandhwerecalculatedusingA0
andplotsd,e,iandjwerecalculatedusingA1.

V.TRAJECTORYCONTROL

Equation19showsthatFisdecoupledfromBandT.The
controlofBenablesthecontroloftheorientationoftherobot.
Therobotcanbeassumedtobeorientedalongthemagnetic
fielddirection,asin[13].Themagnitudeofthefluxdensity
|B|issettoaconstantvalueandtheindividualcomponents
arecalculatedtoobtainthedesiredfieldorientation.Another
alternativeistouseeq.23tocontrolthetorquedirectly.

Thetrajectoryiscontrolledusingthecontrollerpresented
inFig.3(b).Itusesanestedcontrolstructure.TheinnerPID
controlloopregulatesvelocity,whichislimitedbyasaturation
functiontoavoidexcessivespeedsandinstabilities.Theouter
loopgeneratesavelocitysetpoint.

Thetrajectoryisdefinedbytheuserasasetofofviapoints
andthecorrespondingdesiredvelocitiesVt.Theouterloop
firstsearchesforthepointofthetrajectorythatistheclosest
totherobotpositionanddeterminesVt.Anadditionalvelocity
componentVsisaddedtothisvaluetosteertherobottoward
thetrajectorycenterline.

Whenthecalculatedcurrentisabovethemaximumvalue
(Imaxisthemaximumcurrentthepowersuppliescangenerate)
thevectorIisscaleddownsothatthelargestelementofIis
equaltoImax.Thisreducestheforceandfluxdensityvalues
appliedontherobot,buthastheadvantageofkeepingthe
correctfieldandforceorientation.
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VI.SINGULARITIESANALYSISFORA3-DOFROBOT

Asexplainedin§V,theorientationoftherobotcanbe
controlledusingtwodifferentmethods.Thefirstoneuses
actuationmatrixA0andallowsapplyingadesiredfluxdensity
vectorBandaforceFtotherobot.Thesecondusesactuation
matrixA1andallowsapplyingadesiredtorqueTandaforce
Ftotherobot.

Whenexpressedinthe manipulatorcoordinatesystem
(x,y,z),A1issquare.However,therobotissymmetricaround
itsrevolutionaxisdandthereforenotorquecanbeappliedon
thedaxis.Defininganewcoordinatesystem(d,q,w)allows
removingonedimensionfromA1(i.e.A1hasasize5×6
whenexpressedinthe(d,q,w)coordinatesystem).Thesystem
isthereforeunderdeterminedandtheleastsquaresolutionis
calculatedusingeq.24.

I=A1
T A1·A1

T
−1

·
T
F

(24)

TheactuationmatricesA0andA1arefunctionsofthe
magneticmanipulatorgeometryandtherobotpose.

Theeffectofsingularitieswasstudiedfora2D–3DOF
control.Themagnetishorizontallyplacedonaflatsurface
correspondingtothex-yplane.Therobotisabletomove
alongxandyandrotatearoundthez-axis.

A4×4A0 anda4×3A1 actuation matricescanbe
calculatedforeachrobotpositionandangle.Themapofthe
conditioningoftheA0matrixisshowninFig.7(a)and(f).
Onthisfigureisalsopresentedthenormofthetotalcurrent
N·Irequiredtoproduceaforceof100mNalongthed-axis
(central-column)andq-axis(right-column).Plotsforθ=0
andθ=π/4arepresented.Resultsforotheranglesareshown
intheattachedvideo.

Forθ=0,A0 hastwosingularitylinesonthexand
yaxis.Forθ= π/4singularitiestakearoundedshape
andarelocatedontwooppositeanglesoftheworkspace.
Nosolutionisavailablewhenthe matrixissingular.The
singularitiesaresituatedoninfinitelythinlines,butthesystem
isill-conditionednearthesingularitylines.Alargecondition
numberproducesalarge magnitudefortheIvector.The
capabilitiesofthepowersupplieslimitthemaximumcurrent
andwhentheconditionnumberbecomestoolarge,thecurrent
saturates.Thissaturationdecreasescontrolauthorityoverthe
robotintheseregions.

ThenormofthetotalcurrentN·Ineededtoproduceaforce
of100mNalongthedandqaxiswascalculatedasafunction
oftherobotpositionandangle.Plotsb,c,eandfofFig.7
presenttheseresults. WhenusingtheA0matrix,thereare
areaswherethecurrentbecomeslargerthan10,000Aclose
tothesingularitieswhentheforceisgeneratedalongthed
axisaswellaswhentheforceisgeneratedalongtheqaxis.
WhenusingA1,theselargecurrentdensitiesarepresentonly
whenaforceisgeneratedalongtheqaxis. Whentheforce
isproducedalongthed
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Fig.8. Plotofthetrajectoryoftherobotobtainedexperimentally.Forthis
dataset,therobotcompletedthepathtentimes.Therobotandtheworkspace
areshownatright.Seeattachmentorhttps://youtu.be/OZbTLjnQLyQfor
video.

Fig.9. Voltage,current,andpowerusedduringrobotnavigation.Thecurves
show60secondsofdata,whichcorrespondtotherobotcompletingthe
trajectoryinFig.8threetimes.

VII.EXPERIMENTALRESULTS

ThecontrolofthevelocityandorientationofaNdFeB
permanentmagnetina2Dplanedescribedin§Vwasim-
plementedandtestedusingtheA1 actuation matrix. As
shownin§VIitispreferabletoapplytheforcealongthe
magnetizationaxisoftherobot(d-axis).Theprogramwas
thereforeconfiguredtoorienttherobotmagnetizationinthe
samedirectionastheappliedforce.Thisallowsminimizing
thevalueoftheforceappliedalongtheqaxisandtherefore
improvestabilitybyavoidingcurrentsaturations.Theperma-
nentmagnetwascylindrical,withadiameterof2.5mmand
alengthof10mm.Itwasencapsulatedinablackshrinktube
tofacilitatecomputervisiontracking.Themagnetwasthen
attachedhorizontallyonaStyrofoamdiskhavingadiameter
of18mmandathicknessof6mm.Picturesoftherobotare
showninFig.8.
Arobotnavigatinginsidefluid-filledcavitiesofthehuman
bodymaybedesignedtohaveneutralbuoyancytoreduce
theamountofforceneeded.Tosimulateneutralbuoyancyin

https://youtu.be/OZbTLjnQLyQ
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this2Dcontrolexperiment,themagnet-Styrofoamassembly
floatedatthesurfaceofawater-filledtank.Themagnetwas
abletomovefreelyinthexandydirectionsaswellasrotate
aroundthezaxis.
Themethodfrom§VwasusedwiththeA1actuationmatrix
from(21).Thetrajectorywasanellipsehavingamajoraxis
of63mmandaminoraxisof40mm.
TestwereperformedwithandwithoutLN2cooling.The
trajectoryobtainedexperimentallywithoutLN2ispresented
inFig.8.Fortheseplots,therobotfollowedthetrajectory
tentimes.TrajectoriesobtainedwithLN2coolingaresimilar.
Therobotwasstableduringthenavigation,butsmalldeviation
fromthecenterlinewereobservedatseverallocations.
Thecurrentandvoltageappliedonthe−xEMwasrecorded
duringoneminuteforbothcoolingmethods.Theinstanta-
neouspowerwascalculatedfromthesedataandtheresults
arepresentedinFig.9.Theaveragepowerusedfortheair
cooledcaseisequalto0.218 Wwhereasitisonlyequalto
0.037 WwhenmagnetsarecooledwithLN2.Thisdecrease
ofaveragepowerconsumptionisenabledbythedecreaseof
copperelectricalresistivitywhencooledat77Kandproduces
adecreaseoftheappliedvoltageasshowninFig.9(a).The
parametersofthecontrollerwerenotchangedbetweenthe
tests,however,thepeakpowerisincreasedwhenLN2is
added.Thisbehaviorcouldbeexplainedbyanincreaseofthe
currentregulationdynamicsperformedbythepowersupply
whentheelectricalresistanceoftheEMisdecreasedbythe
cooling.
Thepowerusedwaslowbecausethefloatingrobotrequired
littleforce.Applicationsthatnavigateagainstfloworperform
surgeryrequirelargerforcesandcorrespondinglymorepower.

VIII.CONCLUSIONANDFUTUREWORKS

Thispaperpresenteda magnetic manipulatorusingEM
cooledwithLN2.Liquidnitrogencoolingallowsincreasing
thecurrentcirculatinginsideanEMupto435%.Thiscooling
enablesreducingthesizeoftheEMtoproduceagiven
magneticfield.Therequiredelectromagnetstoachieveagiven
fluxdensityarecheapertobuild,andthecompletesystemis
morecompact.
Adesktop-sizeprototypewasbuiltandtested.Therobot,a
cylindricalpermanentmagnet,wasmanipulatedona2Dplane.
ThreeDOFwerecontrolled:theorientationandthexandy
positions.
Thesystemwasnotdesignedtoproduceauniformmagnetic
field.Instead,inversemagneticcalculationsaccountforfield
non-uniformities.Thecurrentinsideeachcoiliscomputedto
generatethedesiredforceontherobotandproducethedesired
fieldorientation.
Thesystem’smatrixconditioningwasanalyzed.Thematrix
issometimesill-conditioned,dependingonthepositionand
orientationoftherobot.Issueswithill-conditioningcanbe
avoidedbycontrollingthetorquedirectlyandavoidingthe
productionofforcesalongtheaxisperpendiculartotherobot
magnetization.
Morecontrolinputscanbeaddedtoimprovethecontrolla-
bilityoftherobot.ApossibilityistouseadditionalEM,asin

[13]whereeightEMswereusedtocontrolafiveDOFrobot,
butusingadditionalEMsmakesthesystemmorecomplicated
andexpensivetobuild.
Futurestudywillfocusontheadditionofahigh-frequency
componenttothemagneticfieldtoincreasethecontrollability
oftherobot.Apermanentmagnetcouldbeencapsulatedina
conductiveshellsuchascopper.Iftherobotiselectricallycon-
ductive,theACfieldwouldinducecurrentsinit,andgenerate
anadditionaltorqueasinaninductionelectricmotor.This
ACmagneticfieldcouldalsobeusedtocontrolresonating
magneticactuatorsasin[16].Finally,thecontrollercould
includeatemperaturemanagementfeaturethatcalculatesthe
heatdissipatedinthewindingsandavoidsoverheatingby
preventivelyreducingpower.
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