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A magnetic field is generated to modify the effective gravity acting on settling particles in a laboratory8

experiment. When applied to a magnetized spherical particle settling in water-glycerol mixtures, the magnetic9

field produces a vertical force that counteracts the gravitational field, hence allowing for the magnetic tuning10

of the settling properties of the particle. While doing so, the spin of the particle around the direction11

perpendicular to the applied magnetic field is blocked, thus allowing spin solely around the direction of12

the magnetic field. This method of magnetic modification of the effective gravity is tested on the settling13

of spherical magnets in quiescent fluids over Galileo numbers in the range [100, 300], and a fixed particle14

density of 8200 kg/m3. The results obtained by varying the Galileo number via the magnetic modification15

of effective gravity are compared to those obtained with non-magnetic spheres when the Galileo number is16

modified by varying the fluid’s viscosity. We show that the same taxonomy of settling regimes, with nearly17

identical geometrical properties (in terms of planarity and obliqueness) of the trajectories are recovered. In18

addition to proving that it is possible to magnetically tame the settling of particles in fluids preserving the19

features of the non-magnetic case, this also reveals that blocking the spin of the particles does not produce20

any significant effect on its settling properties in a quiescent fluid. This novel experimental methodology21

opens new possibilities to experimentally explore many other subtle aspects of the coupling between settling22

particles and fluids (for instance, to disentangle the effects of rotation, inertia, and/or anisotropy of the23

particles) in more complex situations including the case of turbulent flows.24

I. INTRODUCTION25

It is of the utmost difficulty to reduce or suppress the26

effect of gravity in a laboratory on Earth. In the context27

of particle-laden flows research, only a handful of very28

particular situations allow for the suppression of gravity,29

such as the use of neutrally buoyant particles. This pre-30

vents the exploration of crucial particle-fluid mechanisms31

including inertial effects, which are related to particle-to-32

fluid density ratio. The means available to do experimen-33

tal research in a low gravity environment while preserv-34

ing the capacity to explore inertial effects due to density35

differences are expensive, scarce, and lack repeatability.36

The only options are drop towers, parabolic flights, or37

space experiments in the International Space Station1–3.38

In this article, we present a method to compensate the39

gravity acting on a particle in a flow by the application40

of a magnetic induction (the terms “magnetic field” and41

“magnetic induction” will be used interchangeably in this42

article). With this purpose and as a proof of concept, we43

revisit the problem of the settling of spherical particles in44

a quiescent fluid4–9 while the effective vertical force expe-45

rienced by the particles is magnetically varied. Relevant46

research is present in the literature and a brief summary47

follows.48

Research on the use of magnetic fields for gravity com-49

pensation purposes has been mostly conducted on dia-50

magnetic objects, e.g., DNA, water, or proteins. For51

instance, when ways to circumvent Earnshaw’s theorem52

came to light10,11, it was possible to levitate living dia-53

magnetic objects such as frogs12. These studies led to54

the technique of high-gradient magnetic separation that55

allows the sorting of sample components with different56

magnetic susceptibilities13–15. In parallel, the Magnetic57

Resonance Imaging community developed the technical58

aspects to achieve an arbitrary magnetic field profile in a59

laboratory (or a hospital) with the use of coils16,17. These60

are apart from the study of particles in conductive flu-61

ids under the influence of external magnetic inductions,62

which are central to a number of industrial situations,63

such as clean metal production18. The profiles of the ex-64

ternal magnetic induction needed to obtain a constant65

vertical force that can counteract gravity in a number66

of scenarios such as liquid helium or oxygen were also67

studied19–22. With these tools in hand, some progress68

has also been made in the particular situations that inter-69

est this article: paramagnetic/ferromagnetic or perma-70

nently magnetized particles in a weak diamagnetic liquid71

(i.e., water) subjected to a weak external magnetic induc-72

tion environment (thus no liquid magnetisation occurs).73

Some studies explored the effects of a homogeneous mag-74

netic induction on one or more particles in non-magnetic75

fluids23–27. In these studies, the main focus was exploring76

the role of particle-particle interactions on their coupling77

with the fluid, using a homogeneous magnetic field as a78

way to tune interactions between particles.79

In this article, we focus on the control of the settling of80

single magnetized spherical particles in a quiescent flow,81

using an externally applied magnetic field to modify the82

vertical force acting on the particles. The rich dynam-83

ics of single spheres settling in quiescent flows has been84

extensively explored using numerical6,7,28,29 and experi-85
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mental tools4,5,8,30. The settling of spheres in a quiescent86

viscous fluid is controlled by two non-dimensional param-87

eters: (i) the particle-to-fluid density ratio Γ, and (ii) the88

Galileo number Ga = Ugdp/ν =
√
|Γ− 1|gdpdp/ν, with89

Ug the buoyancy velocity, dp the particle diameter, g the90

local acceleration of gravity, and ν the kinematic viscos-91

ity. The diversity of settling regimes has been represented92

in the Γ−Ga parameter space7,8,30. As Ga increases, the93

trajectory dynamics exhibit bifurcations between differ-94

ent regimes such as rectilinear, steady oblique, oscillating95

oblique, rotating, or chaotic (see fig. 5). Note that, for a96

given density ratio Γ, the Galileo number may be changed97

either by changing the particle’s diameter or the fluid vis-98

cosity. This problem thus offers an appealing framework99

to validate a magnetic method to tune the effective ver-100

tical force experienced by a particle. In this article, we101

explore how the Γ−Ga parameter space is modified when102

an additional constant magnetic force is applied to the103

particles. Bifurcations between regimes and properties104

of the trajectory collapse when using a corrected Galileo105

number Ga(g̃) that considers the effective gravity g̃ in106

its computation. In order to explore Ga(g̃) ranging from107

100 to 280, we varied not only the magnetic vertical force108

but also the viscosity of the fluid.109

The article is organized as follows. We first present110

the basic theoretical layout of the magnetic gravity com-111

pensation method and experimental design in Section II.112

The results of the sedimentation of magnetic particles113

with modified gravity are described in Section III. Then,114

we discuss conclusions and perspectives of this work in115

Section IV. Finally, the Appendix presents further de-116

tails on the theoretical foundation of the method, its val-117

idation, and further experimental details.118

II. GRAVITY TUNING USING MAGNETIC FORCES119

A. General Principles120

The method introduced in this article consists on the121

application of a constant vertical magnetic force to a122

magnetized particle in order to modify the effective verti-123

cal force it experiences. The forces applied are the mag-124

netic force FM , the weight, and the fluid force Ffluid ex-125

erted by the fluid to the particle. Similarly, a magnetic126

torque TM adds up to the fluid torque Tfluid. In this127

section, we discuss the features of the externally applied128

magnetic field required to modify the vertical force on129

small spherical permanent magnets.130

The magnetic torque and force acting on a particle131

with a magnetic dipole M in the presence of an external132

magnetic induction B read:133

FM = ∇(M ·B), (1)

TM = −M×B. (2)

These equations indicate that the magnetic force and134

torque can be varied independently by the gradient and135

magnitude of B, respectively. We focus on the modifica-136

tion of the vertical force along the ẑ axis, which reads:137

F · ẑ = mg̃ = m
[
g +M∇z(B)cos(ψ)/m

]
, (3)

where the effective gravity g̃ was defined, B = |B|, and138

ψ is the angle between the vectors B and M. See the full139

equation of motion in App. A 1. The method aims at140

reaching a constant value of g̃ over the settling of the141

small permanent dipole and requires: (1) a constant ψ142

angle and (2) a linear evolution of the vertical component143

of the magnetic field Bz = Gz z + B0, where the gradi-144

ent Gz sets the amplitude of the vertical magnetic force145

and B0 is an offset value. Condition (1) is met when146

the magnetic torque exceeds the hydrodynamic torque,147

a condition which is always met in our configuration, as148

discussed below. A limitation of the method comes from149

the existence of a radial force, due to the radial com-150

ponent of the magnetic field in cylindrical coordinates,151

imposed by the divergence-free nature of magnetic fields.152

Indeed, condition (2) imposes the following magnetic field153

evolution (see App. A 2):154

B(r, z) = (Gz z +B0) ẑ+ (−Gz/2 r) r̂. (4)

The relative intensity of the undesired radial drift is155

controlled by both the value of the axial gradient Gz and156

the offset B0 (see App. A 2 for a full derivation of the157

force). In order to minimize spurious effects of magnetic158

radial drift, we have designed our experiment choosing159

values of Gz and B0 (see Table III) so that the ratio160

between the radial and axial magnetic forces within the161

measurement volume (see Eq. E7) remains smaller than162

5 · 10−2.163

Conversely, the magnitude of the torque can be quan-164

titatively estimated. Given the expression of the linear165

magnetic field given by Eq. (4), the ratio of the magnetic166

torque over the hydrodynamic torque reads (see App. A 2167

for complete derivation):168

TM/T fluid =
|M||B|

1/64Cωd5pπρfω2
, (5)

where dp is the particle diameter, |M| its magnetic mo-169

ment, ω the particle angular velocity, Cω the rotational170

drag coefficient, and ρf the fluid density. The value of171

the torque ratio is of the order of 1011, based on the typ-172

ical values used in our experiment31. This implies that173

the magnetic dipole aligns with the magnetic field virtu-174

ally instantaneously and the particle rotation is therefore175

only possible around the direction of the magnetic field.176

177

B. Experimental Setup178

The experiments are performed in a transparent179

PMMA water tank with a square cross-section of 170 ×180
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FIG. 1. Experimental setup. Two cameras image the particles
inside the water tank. Six circular coils produce a magnetic
induction used to compensate gravity on magnetic particles.
The origin of coordinates is located at the geometrical center
of the water tank, which coincides with the middle distance
between coils 1 and 6.

170 mm2 and a height of 710 mm, which is sketched in181

Fig. 1. The tank is filled with different mixtures of pure182

glycerol (Sigma-Aldrich W252506-25KG-K) and distilled183

water, ranging from 0% to 40% glycerol concentration.184

Viscosity is measured with a rheometer Kinexus ultra+185

from Malvern industries with a maximum uncertainty of186

0.6%. The kinematic viscosity ν ranges from 1× 10−6 to187

1× 10−3 m2/s. Furthermore, an air-conditioning system188

keeps a constant room temperature of (22±0.6)◦C yield-189

ing a 2% uncertainty on the precise value of the viscosity.190

191

A 150 mm region of fluid above and below the visu-192

alization volume is set to ensure both the disappearance193

of any initial condition imposed on the particles when194

released and the effects of the tank’s base. Furthermore,195

a minimum distance of 20 mm between the tank walls196

and the particles is maintained. Using available correla-197

tions32, the settling velocity hindering due to wall effects198

is estimated to be lower than 3%, thus neglected.199

To record the trajectory of the particles, two high-200

speed cameras model fps1000, from The Slow Motion201

Company, image the water tank with a resolution of202

720 × 1280 px2 and 2300 Hz. Backlight illumination is203

used, as represented by the dark blue rectangles in Fig. 1.204

These dual recordings allow the implementation of a 4D-205

LPT (Lagrangian Particle Tracking resolved in time and206

in three dimensions)33. This method accurately tracks207

particles with a precision of approximately 90µm. This208

level of precision is determined by assessing the disparity209

between rays during the stereo-matching process between210

the two cameras. It is important to note that the exper-211

imental noise affecting particle position is short-term in212

nature. This noise is effectively mitigated due to the213

temporal redundancy achieved through oversampling at214

a high frame rate of 2300 Hz. In order to reduce exper-215

imental noise (due to inevitable particle detection errors216

in the Lagrangian particle tracking treatment34), the raw217

trajectories are smoothed by convolution with a Gaussian218

kernel of width Σ = 12 frames; acting as a low-pass filter219

with a cut-off frequency fc = 2300 Hz/Σ = 192 Hz. Con-220

sequently, the uncertainty associated with instantaneous221

velocity along these trajectories is less than 4 mm/s33.222

Moreover, when the velocity is averaged over a specific223

trajectory, the associated uncertainty of the mean veloc-224

ity decreases to a few hundred microns per second.225

The particles are spherical permanent neodymium226

magnets with a mass density ρp = 8200 kg/m3, a di-227

ameter dp = 1 mm, and an average arithmetic roughness228

Ra =
1

LxLy

∫ Lx

0

∫ Ly

0

|z(x, y) − z(x, y)|dxdy = 15 µm,229

where (x, y) is the local planar surface and Lx and Ly are230

the distances over which the height z(x, y) and its average231

over the measurement area z(x, y) are obtained. These232

measurements are performed with a Scanning Electron233

Microscope (SEM) model ZEISS SUPRA 55 VP, over an234

area of 200×500 µm2. The surface roughness of particles235

has been proven to influence the boundary layer, there-236

fore modifying several aspects of the dynamics35–37. Note237

that the small valuesRa/dp < 1.5×10−2 are not expected238

to notably modify the dynamics36. Particle dimensions239

and shapes were measured using a microscope with a pre-240

cision of 10 µm. No significant deviation from the spher-241

ical shape or the documented diameter were measured.242

The weight of one hundred particles was measured with243

a precision of 1× 10−3 g. The result was divided by one244

hundred to obtain the average mass of a single particle:245

mp = 4.3× 10−3 g with a precision of 1× 10−4 g.246

The ranges of non-dimensional numbers reached are247

Ga = [100, 280] and Γ = [6.8, 8.2]. Note that the wa-248

ter density is different at each viscosity and therefore Γ249

varies as well. The magnetic moment |M| is computed250

using Eq. E8 and results in |M| = 4.96×10−4 Am2. The251252

external magnetic induction is created from a six-coil sys-253

tem shown in Fig. 1 and detailed below. While a larger254

number of coils would produce a magnetic field closer to255

the linear profile needed, the choice of six coils resulted in256

the compromise between quality of magnetic field (mea-257

sured in Sec. II C) and the need for optical access. The258

coils were wound from copper wires of 0.5 mm (coils 2 to259

5) and 1.5 mm (coils 1 and 6) in diameter. The coils are260

placed at vertical distances Zi (i ∈ [1, 6]) from the origin261

of coordinates, set at the middle distance between coils262
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TABLE I. Characteristics of the coils used for the magnetic
compensation of gravity. Columns show the following param-
eters for each coil used: effective number of turns N, radius
R, and cross section σ. Each coil is represented by a number
as in Fig. 1.

1 2 3 4 5 6
N 965 103 450 452 101 969

R (cm) 16.3 22.1 15.6 15.4 21.8 16.1
σ (cm2) 15.6 3.9 3.6 3.6 3.9 15.6

1 and 6. Details on the position of coils and the current263

imposed are available in App. B.264

C. Magnetic Field Generation265

The system of coils generating the magnetic induction266

is described in detail in what follows. Each coil has a267

radius Ri and a current Ii. In order to simplify compu-268

tations, each coil is modeled as a single loop of radius Ri269

with an effective current NiIi (Ni is the effective number270

of turns). The value of Ni is determined from a non-271

linear fit of experimental measurements of the magnetic272

induction using a Bell 7030 Teslameter by:273

Bi(z) = 2π10−7 R2
iNiIi

(z2 +R2
i )

3/2
, (6)

where z is the distance from the coil i’s individual geo-274

metric center.275

The coils’ effective parameters are presented in Table I.276

The uncertainties on Ni and Ri by the aforementioned277

method are estimated to be 4% and 3%, respectively,278

while the coils’ cross-section (σ) uncertainty is 0.4 cm2.279

Note that three sets of identical coils were used (namely280

1-6, 2-5, and 3-4), and the uncertainties of their effective281

parameters are identical.282

The six circular coaxial coils used to generate the re-283

quired magnetic induction (Eq. 4) are sketched in Fig. 1.284

The coils are modelled as infinitesimal current loops,285

therefore the theoretical axial magnetic induction at the286

six-coil system axis reads:287

B · ẑ = 2π10−7
6∑

i=1

R2
i Ni Ii

((z + Zi)2 +R2
i )

1.5
. (7)

In order to set the magnetic field presented in Eq. 4 in the288

laboratory, a nonlinear least squares fit of Eq. 7 to the289

axial component of Eq. 4: Bz = Gz z + B0 is performed.290

The fit’s fixed parameters are: Ni, Ri, Gz, B0, and Zfit291

the range at which the fit is performed . The outputs are:292

Ii the current in each coil, and Zi the distance between293

the coil i’s geometrical center and the origin of coordi-294

nates z = 0 (located at the middle distance between coils295

1 and 6). This method to solve equations numerically296

is not affected by the fact that there are more variables297

TABLE II. Details of the two external magnetic inductions
implemented here: Case g0 and g∗ = 0.65.

Nonlinear fits Measurements
Case g0 Case g∗ = 0.65 Case g0 Case g∗ = 0.65

Gz (G/m) 0 -290 0± 20 -286±25
B0 (G) 20 26 20±1 22±1

Zfit (mm) (-150, 50) (-100, 0) ✗ ✗

than equations, as the variables are modified at random298

until the coefficient of determination (R2) is minimized.299

Note that there is no radial dependence on Eq. 7. The300

magnetic field outside the axis is estimated by Maxwells’301

equations in App. A 2 (see Fig. A.1). This theoretical302

prediction was qualitatively confirmed with a Teslameter.303

304

Two sets of values for Gz, B0, and Zfit were chosen:305

1. Case g0: homogeneous vertical magnetic in-306

duction.307

In this case Gz = 0 & B ̸= 0, yielding no net mag-308

netic force and only impacting the particle’s rota-309

tion through the blocking effect of the magnetic310

torque previously discussed.311

2. Cases g∗: constant gradient vertical mag-312

netic induction.313

In this case Gz ̸= 0 & B ̸= 0, yielding both a net314

magnetic force (used to compensate gravity) and315

a net magnetic torque, resulting in the rotation-316

blocking effect, respectively.317

The two cases differ on the magnetic force magnitude318

(proportional to Gz) that they impose on the particles:319

whereas Cases g∗ block the rotation and apply a force,320

Case g0 blocks the rotation but the applied force is neg-321

ligible. The size of the fit window Zfit needed to be322

shortened for Cases g∗ to minimize inhomogeneities in323

the magnetic force. The specific values of these two sets324

of input parameters in the nonlinear fit to Eq. 7 are pre-325

sented in Table II, alongside the corresponding magnetic326

induction measurements discussed below. Details about327

coils’ parameters for both cases are detailed in App. B.328

Note that new cases are achieved by the multiplication329

of the base currents in each coil given by the solutions of330

Cases g0 and g∗ = 0.65.331

Fig. 2 presents the profiles of axial magnetic induc-332

tion Bz (first row) and its gradient ∇zB (second row)333

obtained from the nonlinear fit (black lines), and mea-334

surements performed with a Teslameter (blue crosses),335

versus distance to the origin. Finally, the blue shade336

represents the region (Zfit) where the fit was performed.337

Note that because the magnetic field is measured at the338

axis, the equation fitted represents the center of a current339

loop B = Bz ẑ.340

It can be seen that, for Case g0, the magnetic induction341

measurements (Fig. 2(a)) overlap with the simulations,342

whereas the magnetic induction gradient (Fig. 2(c))343

presents an average difference of 10%, with maximum344
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FIG. 2. Bz and its gradient computed from the axial magnetic
induction measurements (blue points) and simulations (black
line) against the distance to the origin z = 0, for Cases g0 and
g∗ = 0.65. The insets present a zoomed version of the plots.
The blue area shows the z-range Zfit over which the magnetic
field is optimized. Finally, a horizontal arrow denotes the
rightwards direction of gravity.

values of 30% that occur near the extremes of Zfit. On345

the other hand, Cases g∗ have a 10% discrepancy on346

the magnetic induction gradient ∇zB (Fig. 2(d)) and in347

the magnetic field (Fig. 2(b)). Additionally, note that348

the radial-to-axial force ratio (Eq. E7) takes the follow-349

ing maximum value for Cases g0 and g∗: 1 × 10−2 and350

1.5×10−1, respectively. In the case of the 1mm spherical351

permanent magnets that are studied here, these inhomo-352

geneities in the magnetic induction gradient produce a353

5% and 3% of typical variability in the effective gravity354

value for Cases g∗ and g0, respectively.355

The presence of oscillations in the magnetic field can356

be explained as the interference between the higher har-357

monics that compose the total magnetic induction of358

each coil19. The interaction between these higher har-359

monics can be modified considerably by small errors in360

the coil positioning. To explore this idea, Fig. 3 shows361

the theoretical magnetic induction (a) and gradient (b)362

for Case g∗ = 0.65, evaluated at different coil 1 posi-363

tions (Z1): its original position (black), 5mm downwards364

(red), and 5mm upwards (magenta). While the magnetic365

inductions are indistinguishable (Fig. 3 (a)), the gradi-366

ents show clear differences (Fig. 3 (b)): Within the mea-367

surement region (blue shade) a difference of up to 3% is368

present. Note that the coil positioning error is estimated369

to be 5mm; this value includes the approximation of the370

coils by an infinitesimal loop at its geometrical centre371

and the 2mm precision in positioning due to the tools372

used. These factors are hypothesized to produce the dif-373

ference between the experimental measurements and the374

simulated values encountered in Fig. 2.375
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FIG. 3. Theoretical magnetic field (a) and gradient (b) for
Case g∗ = 0.65, evaluated at different coil 1 vertical positions.
The original coil position (black); 5mm downwards (red); and
5mm upwards (magenta) are shown.

376

377

D. Data Sets378

The camera-tank distance A was varied to obtain two379

different measurement volume heights h (see Fig. 1):380

h = 100 mm and h = 200 mm which correspond to the381

ranges Zfit. This translates into different maximum par-382

ticle non-dimensional trajectory lengths l∗max = h/dp =383

100 & 200 (recall that dp is 1 mm for all cases), while384

the measured volume has a 150 × 150 mm2 transverse385

section.386

The experimental procedure is as follows: Initially, the387

tank is filled with a water-glycerol mixture and 24 hours388

are allowed to pass. During this time, the temperature389

at various locations within the bulk of the fluid stabilizes390

to a temperature difference of less than 0.6◦C. This was391

determined by a movable temperature probe that was392

used to measure the temperature in the fluid at different393

locations. Subsequently, a standard calibration process394

for the 4D-LPT system is executed33. Once calibration395

is complete, the magnetic field is activated and spherical396

particles are released from a plastic tube with a 5 mm397

diameter positioned at the center of the tank and 5 cm398

above the region of interest. The particles are carefully399

introduced one by one into the tube where they settle400

due to gravitational forces. To ensure that the fluid re-401

mains undisturbed between successive particle releases, a402

minimum waiting time of 120 seconds is observed. This403

interval is chosen to be at least 12 times the viscous re-404

laxation time, denoted as τ = d2p/ν. The specific value405

of the viscous time varies across experimental cases and406

a maximum waiting time value of 1× 103τ is achieved in407

the more viscous case.408

III. SINGLE MAGNETIC SPHERE SETTLING AT FIXED409

ORIENTATION AND MODIFIED GRAVITY410

In this section the local gravitational pull is reduced411

via the magnetic gravity compensation method presented412
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previously. It is proven that the Galileo number (and413

hence the settling regime) of spherical magnetic particles414

can be magnetically tuned. Furthermore, these results415

confirm the validity of the magnetic gravity compensa-416

tion method. This is the first step towards the deploy-417

ment of a global strategy to experimentally explore the418

influence of gravity in particle-fluid interactions.419

A. Parameters explored420

The results of an experimental study on spherical421

metallic particles settling in a quiescent flow at moder-422

ate Reynolds numbers performed by our group8 are used423

as reference data to be compared against the present424

measurements. Note that those experiments were per-425

formed in the water tank presented in Fig. 1 and the426

non-magnetic particles used had ρp = 7950 kg/m3, which427

is comparable to the density of our magnetic particles.428

Recall that the particles are affected in two ways due429

to the presence of the external magnetic inductions pro-430

duced here: First, as the applied magnetic field is mostly431

vertical on the region of interest, particle rotation is par-432

tially blocked and only allowed around the vertical axis.433

Second, the spatial profile of the imposed field is specifi-434

cally tailored to be as close as possible to a homogeneous435

vertical gradient field in the region of interest, hence par-436

ticles experience an almost constant magnetic force which437

counteracts the gravitational force yielding different ef-438

fective gravity values g̃.439

In the sequel, the following nomenclature will be used440

to refer to the different experiments:441

• Case ØB442

Reference case with non-magnetic particles8.443

• Case g0444

Uniform magnetic induction (spin blocking effect).445

This magnetic induction profile was presented in446

Fig. 2(a)-(c).447

• Cases g∗448

Uniform magnetic induction gradient (spin block-449

ing and modified gravity). The magnetic induction450

profile was presented in Fig. 2(b)-(d).451

As detailed in Section IID, the visualization volume in452

Case g∗ has a maximum non-dimensional height l∗max =453

100, whereas for Case g0 l∗max = 200. This difference454

is due to the finite size of the coils: It is possible to455

produce a homogeneous magnetic induction (Case g0) in456

a larger region of space compared to the production of a457

homogeneous magnetic induction gradient (Cases g∗).458

For the Cases g∗, Table III summarizes the different459

effective gravities g̃ explored (details about the estima-460

tion of g̃ are given in the next subsection). The effective461

gravity will be given from now on in non-dimensional462

form g∗ = g̃/g. In practice, changing the effective grav-463

ity is simply achieved by multiplying the currents in the464

original configuration (g∗ = 0.65) by a constant value.465466

TABLE III. Different magnetic induction gradients applied
and regimes of effective gravity g̃ explored. The columns
present the five different variants of the magnetic field in the
Cases g∗. The rows show the non-dimensional gravities g∗

defined as the ratio between the effective gravity g̃ and the
usual gravity acceleration g = 9.8 m/s2, and the values of
∇zB evaluated at r = 0 (i.e., the coils’ axis) denoted Gz.

g∗ = g̃/g Gz (G/m) B0 (G)

0.43± 0.02 −476± 42 37± 1
0.65± 0.02 −286± 25 22± 1
0.77± 0.02 −191± 16 15± 1
0.80± 0.02 −171± 15 13± 1
0.90± 0.02 −95± 8 7± 1

The exploration of settling regimes is performed by467

independently changing the effective gravity and the fluid468

viscosity according to the following protocol. For a given469

value of fluid viscosity, all the previous values of g̃ are470

applied to vary Galileo number. In this way, with a fixed471

viscosity, the Galileo number can be modified by varying472

the effective gravity between 65% and 100% of its value473

at g = 9.8 m/s2. The range of Ga values explored is474

[100, 280].475

In the remainder of this article, non-dimensional pa-476

rameters are denoted by a superscript asterisk. Spatial477

variables are normalized by particle diameter x∗ = x/dp,478

velocities are normalized by the buoyancy velocity v∗ =479

v/Ug = v/
√
|Γ− 1|g̃dp, and time is normalized by the480

response time of the particles τg = dp/Ug.481

Finally, the trajectory angle is defined as the ensemble482

average of the angle between a linear fit to each trajec-483

tory and the vertical. The trajectory planarity is quan-484

tified by the ratio of eigenvalues λ2/λ1 (with λ1 ≥ λ2) of485

the non-dimensional perpendicular (to gravity) velocity486

correlation matrix, defined as38:487

⟨v∗
⊥ v∗T

⊥ ⟩ =
[
< v∗x

2 > < v∗xv
∗
y >

< v∗yv
∗
x > < v∗y

2 >

]
, (8)

with v∗ = v/Ug. Perfect planar (non-planar) trajectories488

yield λ2/λ1=1 (=0), while the fractions represent inter-489

mediate cases.490

B. Terminal Velocity & Effective Gravity Homogeneity491

It is important to verify that the particles reach a492

terminal velocity, and that there is no global devia-493

tion caused by the magnetic induction gradient inhomo-494

geneities measured in Section IIC. In this sense, Fig. 4495

presents some examples of settling velocity, represented496

by particle Reynolds numbers (Rep = vsdp/ν, with vs497

the velocity component parallel to gravity), for various498

amplitudes of the applied magnetic gradient in Cases g∗,499

which correspond to various values of the effective grav-500

ity. Two examples of Case g0 at two different values of501
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FIG. 4. Particle Reynolds number (Rep = vsdp/ν, with vs
the velocity component parallel to gravity) versus the non-
dimensional distance to origin z∗ (panel a) and versus the
Galileo number computed with the corresponding effective
gravity (panel b), for all the variants of external magnetic
fields studied. (a) Representative particle Reynolds number
from independent realizations for the following cases: g0 at
Ga(g̃) = 235± 7 (red-violet dashed line) and Ga(g̃) = 80± 5
(yellow dashed line); g∗ = 0.43 at Ga(g̃) = 105 ± 5 (blue
line); g∗ = 0.65 at Ga(g̃) = 129 ± 5 (purple line) ; g∗ = 0.77
at Ga(g̃) = 178 ± 5 (red line); g∗ = 0.80 at Ga(g̃) = 143 ± 5
(green line); and g∗ = 0.90 at Ga(g̃) = 193±7 (cyan line). (b)
Particle Reynolds number versus Galileo number, alongside
the theoretical settling velocity computed from the correlation
presented in Cabrera-Booman et al.8 and the reference data
of Case ØB8.

Ga (80 and 235) are also shown to illustrate the sole ef-502

fect of rotation blockage in a particle in the Rectilinear503

(Ga=80) and Planar Rotating (Ga=235) regimes. Note504

that panel (a) presents single realizations showing the505

evolution of vertical velocities versus distance to the ori-506

gin for individual particles at given values of g∗ and Ga,507

while points for the terminal velocity shown in panel (b)508

are obtained from the ensemble and spatial average of509

tens of drops.510

Fig. 4(a) shows the particle Reynolds number versus511

the non-dimensional distance to origin z∗, for all the vari-512

ants of external magnetic fields studied. Note that the513

different examples shown here were not obtained with the514

same fluid viscosity, therefore, the corresponding particle515

Reynolds numbers are not ordered by g∗ but by Ga(g̃).516

There is a well defined terminal velocity (i.e., the particle517

Reynolds number is constant) for all magnetic field cases518

except for Case g∗ = 0.43 (which corresponds to the case519

of highest amplitude of applied magnetic field). In that520

case, Rep varies as much as 10% along the particle tra-521

jectory. This variation is of less than 2% in the other522

cases, which is in the range of the fluctuations reported523

in the literature9 and in the non-magnetic experimental524

data from Case ØB8. This indicates that (except for the525

largest applied field, case g∗ = 0.43) the applied mag-526

netic field gradient effectively compensates gravity ho-527

mogeneously, and that the rotation blocking effect does528

not prevent particles from attaining a well defined termi-529

nal velocity. A possible explanation for the lesser quality530

of Case g∗ = 0.43 could be related to finite size effects531

of the coils which were not taken into account in the de-532

sign of the magnetic field linear profiles and which may533

enhance the magnetic gradient inhomogeneity.534

Fig. 4(b) shows the ensemble and space average of535

the measured particle Reynolds numbers versus a Galileo536

number computed using the effective gravity. The marker537

size represents each data point uncertainty. Black solid538

circles present the data from the reference case8 and a539

solid line presents the Rep vs Ga correlation law pro-540

posed by Cabrera-Booman et al.8, which was inspired541

from a previous study by Brown et al.39 Note that this542

correlation has been shown to underestimate the termi-543

nal velocity of high density ratio particles8 by between544

5% and 10%, as it can be seen in the figure. We can545

see that the terminal particle Reynolds numbers of all546

cases consistently follow the same trend, in good agree-547

ment with the proposed correlation. Only the point at548

g∗ = 0.43 shows a slight deviation from the global trend,549

confirming the lesser quality of the magnetically modified550

gravity in that case.551

Overall, it is then concluded that measurements up552

to g∗ = 0.65 can be expected to behave analogously to553

non-magnetic spheres settling at modified gravity (this554

claim will be confirmed below).555

556

Note regarding the estimation of the effective gravity.557

The fact that particles reach a terminal velocity allows558

for the definition of a constant effective gravity, and de-559

termining its precise value is crucial. Recall the equa-560

tion linking g̃ with the experimental parameters (see Sec-561

tion IIA):562

g̃ = g − |M|∇z|B|/m. (9)

As discussed previously, the value ofM can be computed563

from the manufacturer’s data and ∇zB was measured.564

The values of g̃ can then be computed. The method to565

obtain the effective gravity given by Eq. 9 and detailed566

above is used throughout the manuscript. However, an-567

other way to compute the effective gravity is by the mea-568

surement of terminal settling velocity with no external569

magnetic induction applied vs,0 and comparing it to that570

of particles settling in the same flow but with its gravity571

modified to vs,M . The particle settling velocity can be572

calculated as:573

vs =

√
mg

π
8CD(Rep)d2pρf

. (10)

The ratio m/(π8 d
2
pρf ) is identical because the same par-574

ticles are used, therefore:575

g∗ =
g̃

9.8 m/s2
=
v2s,MCD(Rep,M )

v2s,0CD(Rep,0)
, (11)

with Rep,0 = vs,0dp/ν, and Rep,M = vs,Mdp/ν. Then,576

using usual drag correlations8,39, it is possible to extract577

g̃ for all the Cases g∗ studied. Values of g̃ that overlap578

with the computed ones are independently obtained from579

particle terminal settling velocities.580
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C. Path instability Results581

The different path instabilities of a single spherical582

magnetic particle settling in a quiescent flow are pre-583

sented here. The dynamics are controlled by Galileo584

number (Ga), which varies as the square root of gravity.585

The goal is to test whether the different settling regimes586

which have been reported in previous numerical6,7 and587

experimental4,5,8,30 studies (where Ga is classically varied588

by changing the particle diameter, the particle-to-fluid589

density ratio, or the viscosity) are consistently recovered590

when Ga is varied by magnetically modifying the gravity.591

To further clarify the possible impact of rotation block-592

age alone, we also consider Case g0 (homogeneous applied593

magnetic field) where Ga is classically varied. Measure-594

ments in Cases g∗ and g0 are compared to the reference595

non-magnetic case8. First, we qualitatively show the tax-596

onomy of the different type of trajectories observed when597

spanning Ga in the magnetic case. Then, the trajectory598

angle and planarity are quantitatively compared to the599

experimental8 and numerical7 data in the non-magnetic600

reference scenario Case ØB.601

It is shown that by magnetically changing gravity, the602

path instability in action can be tuned and that all the603

classical regimes are recovered in the same range of Ga604

and with the same trajectory properties than for the ref-605

erence non-magnetic case.606

The state-of-the-art Γ - Ga parameters space taken607

from Cabrera-Booman et al., alongside the data points608

explored in the present study are presented in Fig. 5.609

It is worth stressing that, as revealed in previous non-610

magnetic experimental studies (see for instance the re-611

cent work by Raaghav et al.30 and Cabrera-Booman et612

al.8) the boundaries between regimes in this space of pa-613

rameters are not always sharp. Some regimes exist in a614

narrow range of Ga and some regions have been shown615

to exhibit multi-stability (i.e., several regimes have been616

reported in similar regions of parameters). This may also617

be affected by the uncertainty, typically of the order of618

a few percentage points, with which the Galileo num-619

ber is determined. This is mostly due to uncertainties620

of the viscosity in the classical non-magnetic case, with621

the addition in the present case of the small variability622

of effective gravity modification due to the 5% variability623

of the magnetic gradient across the measurement volume624

previously discussed.625626

1. Trajectories Geometry627

Fig. 6 presents some representative 3D trajectories628

(first column) alongside a top view (second column). All629

of these trajectories belong to Case g0 (rotation block-630

age and normal gravity), as those of Case g∗ present the631

same dynamics but with shorter trajectories. Each sub-632

panel presents results with Ga in the main four regimes633

previously identified:634

(1) Steady Oblique – Ga = {153, 158}. Fig. 6(a)635
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FIG. 5. Particle-to-fluid density ratio (Γ) – Galileo number
(Ga) space of parameters. Alongside the data points mea-
sured in this study taken from Cabrera-Booman et al.8

presents some trajectories in this regime. Although some636

trajectories show slight deviations from perfect planarity637

(the value of the planarity parameter
√
λ2/λ1 will be638

shown later to be of the order of 0.2 versus 0.05 for Case639

ØB8), the trajectories are overall planar and have a well-640

defined angle with the vertical that, after centering, form641

a cone in 3D space.642

(2) Oblique Oscillating – Ga = 206 (Fig. 6(b)). Tra-643

jectories at Ga = 206 would be expected to be in the644

Oblique Oscillating regime according to numerical simu-645

lations7. Fig. 6(b) presents some oblique oscillating pla-646

nar trajectories while others are not perfectly planar and647

resemble the rotating regime a priori expected at slightly648

higher values of Ga.649

The trajectories observed at this Galileo number share650

properties compatible with both the oblique oscillating651

and the planar or rotating regimes (Fig. 6(c)). As ex-652

plained at the beginning of this section, it is likely that,653

considering the 5% uncertainty in Ga, and the vicinity654

with the frontier to the Planar or Rotating Regime, these655

measurements could be attributed to either the oblique656

oscillating or the planar or rotating regime.657

(3) Planar or Rotating – Ga = {213, 217}. Fig. 6(c)658

presents some trajectories in this regime. They are com-659

posed of weakly non-planar trajectories (black) and some660

helicoids with diameter D ≈ 10 and pitch P ≈ 500661

(equivalent to those of Case ØB). Note that these val-662

ues are non-dimensionalized by the particle diameter dp.663

A bi-stable region is predicted by numerical simulations664

and has been observed experimentally with non-magnetic665

particles8. It is also confirmed for the case of magnetic666

spheres for this range of Ga. Apart from the effects on667

angle and planarity (discussed in Case ØB), this sub-668

panel makes explicit the presence of two regimes at these669

Ga numbers: Helicoid-like trajectories and oblique non-670

planar ones.671

(4) Chaotic – Ga = 275. Finally, the Chaotic regime672

correctly matches the characteristics found for Case ØB:673

All trajectories are different, non-planar, and oblique.674

The taxonomy and range of Ga for which these differ-675

ent trajectories are observed for Cases g∗ (when the par-676

ticle rotation is blocked and there is an effective gravity)677

are globally indistinguishable from those found in the ref-678

erence case ØB of non-magnetic particles and those just679
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FIG. 6. Representative 3D trajectories, alongside a top view, for results with Ga in the main four regimes presented in the
introduction and in Fig.5. Sub-panel (a) – Ga = {153, 158}, Steady Oblique regime. Sub-panel (b) – Ga = 206, Oblique
Oscillating regime. Sub-panel (c) – Ga = {213, 217}, Planar or Rotating regime. Sub-panel (d) – Ga = 275, Chaotic regime.
All these trajectories belong to Case g0.

described for Case g0. This supports the hypothesis that680

rotation blockage and the addition of a magnetic force do681

not affect the regimes that a settling particle undergoes682

in a fluid at rest38. Furthermore, this supports the idea683

that the magnetic method to modify the effective grav-684

ity presented here indeed modifies gravity without any685

spurious effect. This is further developed in the com-686

ing sections, using quantitative indicators for trajectory687

planarity and obliqueness in the different regimes.688689

2. Angle and Planarity of trajectories690

Fig. 7 presents the trajectories’ angle and planarity691

versus Ga number, alongside the reference measurements692

ØB from our group8 (empty circles). Additionally, the693

vertical dashed lines show the onsets for the different694

settling regimes: Rectilinear, Steady Oblique, Oblique695

Oscillating, Planar or Rotating, and Chaotic. In par-696

ticular, Fig. 7(b) and Fig. 7(d) present the measure-697

ments against a Galileo number Ga(g̃) that was calcu-698

lated with the effective gravity value g̃, whereas Fig. 7(a)699

and Fig. 7(c) show the measurements as a function of700

Ga(g) number based on the actual non-perturbed grav-701

ity, i.e., g̃ = 9.8 m/s2. Red crosses denote the measure-702

ments from Case g0, for which only the particle rotation is703

blocked and no net magnetic force modifying the effective704

gravity exists. The empty circles are the non-magnetic705

reference data of Case ØB8, and the rest of the markers706

are the different configurations of Cases g∗ and g0 pre-707

viously defined, a magnetic field is applied. Note that708

in the reference case ØB and Case g0, the points keep709

the same abscissa between rows because gravity is not710

modified.711

For both the trajectory planarity and angle, it is ob-712

served that the data points collapse into a single trend713
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FIG. 7. Trajectory angles with the vertical (a-b) and planarity (c-d) versus Ga number, alongside the reference measurements of
Case ØB (empty circles)8. Additionally, vertical dashed-lines and color bars8 show the onsets for the different regimes presented
previously following the nomenclature introduced in Cabrera-Booman et al.8 and Fig. 5. The bottom row shows measurements
against a Galileo number that was calculated with the corrected gravity value g̃. The top row presents measurements as a
function of a Ga number computed assuming that the gravity did not change with the application of the external magnetic
induction (i.e., g̃ = 9.8 m/s2). Finally, different markers and colors are used to distinguish the data points as denoted in the
legend.

when the corrected Ga(g̃) is used. This is consistent with714

the reference data case ØB, including the transitions be-715

tween settling regimes, whose detailed description has716

been reported in Cabrera-Booman et al8. It can be seen717

that Case g0, for which no magnetic modification to Ga is718

applied, presents an identical behaviour as the reference719

Case ØB. This implies that there is no measurable effect720

of the particle rotation blockage on the trajectory angle721

or planarity. The uniform magnetic gradient strategy al-722

lows exploration of Galileo number effects and settling723

regimes by simply varying the amplitude of the applied724

field (and thus of its gradient); which is equivalent, in725

terms of variations of Ga, to viscosity and particle diam-726

eter modifications.727

Note that the single point with g̃ = (4.2± 0.2) m/s2 and728

Ga = 103 (light blue circle), which corresponds to the729

strongest magnetic gradient applied (Case g∗ ≈ 0.43), is730

off the trend in Fig. 7(b). This is due to the spurious731

radial magnetic force which, as already pointed out in732

Section III B, cannot be fully neglected for such strong733

effective gravity modifications. As a consequence, tra-734

jectories in this range of effective gravity acquire a small735

radial drift and tend to become more oblique.736

IV. CONCLUSIONS737

This article presents both a magnetic method to mod-738

ify the gravity on particles in a laboratory and experi-739

mental studies on the settling of single spheres in a qui-740

escent flow with modified gravity and blocked spin. A741

magnetic method to modify gravity is developed, vali-742

dated, and tested. Its theoretical foundation is presented,743

including details on how the addition of an external mag-744

netic induction can produce a vertical force that counter-745

acts the gravitational force on a magnetic particle. This746

experimental method also blocks the perpendicular-to-747

magnetic field spin of magnetic particles. The homogene-748

ity of the theoretically derived magnetic field needed to749

compensate gravity is detailed, showing a high level of ho-750

mogeneity. The coils’ positions and currents to produce751

the desired magnetic field are obtained from a nonlinear752

fit, and the resulting field measured in the real world is753

compared to the theoretical field finding good agreement.754

The settling of spherical magnets in a quiescent flow is755

studied and compared to a reference non-magnetic sphere756

settling measured by our group8 as both a final valida-757

tion of the method and a study on the influence of particle758
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spinning on the particle trajectories’ dynamics. The lat-759

ter consists of the analysis of the dynamics of spheres in760

the parameter space Γ−Ga, with a particle-to-fluid den-761

sity ratio Γ = 8.2 and Galileo numbers Ga ∈ [100, 280].762

The terminal velocity of particles is discussed for each ef-763

fective gravity value, showing that particles achieve a ho-764

mogeneous terminal velocity thus implying that the mag-765

netic method modifies gravity homogeneously. Trajecto-766

ries in 3D that match benchmark results without gravity767

are shown for each regime in the path instability param-768

eter space. The results on trajectory angle showed no769

difference between magnetic and non-magnetic cases, im-770

plying that the method to compensate gravity performs771

well and particle spinning is not relevant for that aspect772

of the dynamics. On the other hand, trajectory planarity773

presents minimal differences in the planar or rotating re-774

gion of the parameter space, although the present mea-775

surements are not sufficient to conclude whether there is776

a rotation blockage effect.777

A novel experimental method to compensate gravity778

on magnetic particles in a fluid has been demonstrated779

to compensate gravity down to a homogeneous value of780

6.37 m/s2, or 65% of its full value, in the measurement781

volume without inducing drift or any other spurious ef-782

fect on the particle dynamics. Note that this value can be783

further reduced by changing, for instance, the particles.784

Although not discussed here, this experimental technique785

can be minimally modified to increase the gravitational786

pull. There is a considerable value in the method as it787

allows low-gravity experimentation in a laboratory bench788

that otherwise would require substantial funding and fa-789

cilities such as parabolic flights, International Space Sta-790

tion, or drop towers.791

This method has great potential for particle-laden tur-792

bulent flows where the aim is to disentangle the role of793

particle inertia and gravity on particle coupling with the794

surrounding fluid. This requires the modification of the795

settling properties of the particles independent of the in-796

ertial couplings with the fluid. This question is impor-797

tant for unveiling the mechanisms at play during turbu-798

lent transport of inertial particles40, where inertial effects799

(such as dynamic filtering41 and preferential concentra-800

tion42,43) are generally parameterized by the particles’801

Stokes number St = τp/τη (with τp the particle viscous802

relaxation time and τη the turbulence dissipation time)803

interplay with particle settling. These effects can, for in-804

stance, be parameterized by the settling velocity number805

Sv = τpg/urms (sometimes referred as Rouse number),806

where g is the acceleration of gravity and urms is the tur-807

bulent fluctuating velocity. Exploring the role of inertia808

in experiments by varying the Stokes number at fixed809

turbulent conditions (i.e., for fixed τη and urms) requires810

variation of the particles’ relaxation time τp, hence in-811

evitably changing their settling velocity number and the812

settling properties. Being able to experimentally modify813

the effective gravity experienced by the particles would814

give a unique and simple way to truly explore settling815

velocity number effects at fixed Stokes number.816

This method restricts the particle rotation, only al-817

lowing for spin in the direction of the magnetic field. On818

one hand, this is a strong constraint for finite-sized par-819

ticles where rotational and translational dynamics might820

be coupled44,45. On the other hand, blocking the rota-821

tion is also a unique opportunity offered by the magnetic822

method to disentangle the effects of particle rotation and823

translation on the global dynamics. Additionally, be-824

cause the rotational and translational particle dynam-825

ics are decoupled in the context of the equation of mo-826

tion for point particles proposed by Maxey, Riley, and827

Gatignol46,47 (MRG), the particle rotation blockage ef-828

fect generated by this method does not affect its ability829

to disentangle the role of particle inertia and gravity. The830

usual rule-of-thumb for finite size effects (i.e., deviations831

from the MRG framework) suggests that they appear for832

particles with diameter dp > 5η48 (with the Kolmogorov833

scale η = (ν3/ϵ)1/4). Therefore, one can expect the 1834

mm particles used here to behave like point particles in835

flows where η > 200 µm. Moreover, magnets with sizes836

of the order of 300 µm are available, therefore allowing837

for η to be lowered and still be in the MRG framework.838

Magnetic anisotropic particles can be considered an839

infinitesimal dipole with constant magnetic moment M840

at their center. The fluid torque will be different than841

in the spherical case described here. For instance, the842

particle might not align with the magnetic field instanta-843

neously. At this time, the smallest spherical permanent844

magnets have a diameter of 0.5 mm, that in the case of845

pure water and pure glycerol would result in Re ≈ 90 and846

Re ≈ 1 × 10−1, respectively. The size of ferromagnetic847

particles can be as low as 1 µm and their application to848

this method is detailed in App. C. The use of this method849

to study collective effects will be complex as inter-particle850

forces will become dominant when the particles are close.851

The method will certainly work if the particles are dis-852

persed enough, or encapsulated in large enough non mag-853

netic shells (for instance, wax-encapsulation as done by854

De La Rosa et al.27). However, investigating collective855

dynamics (such as turbulent preferential concentration)856

in the presence of additional interparticle interactions is857

interesting. For instance, droplets in clouds or powders858

in industrial processes may be charged so that hydrody-859

namic couplings compete then with interparticle interac-860

tions. Although magnetic and electrostatic interactions861

are different, studying the modification of turbulent clus-862

tering in presence of magnetic interactions may still lead863

to interesting and relevant new discoveries.864

Appendix A: Gravity Compensation Theory865

1. Equations of Motion866

When applying this method to a particle in a fluid the867

equations of motion need to include hydrodynamical ef-868

fects. Neglecting added mass and history forces46,47, the869

fluid adds drag39, torque49, and buoyancy effects yielding870
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the following equations of motion:871

F = (mp −Vρf )g ẑ+M · ∇B− 1

8
CDπd

2
pρfv|v|, (E1)

T = −1/64Cωρfω|ω|d5p −M×B, (E2)

with fluid density ρf , particle volume V , kinematic vis-872

cosity ν, translational (CD) and rotational (Cω) drag co-873

efficients, particle velocity v, and angular velocity ω. Fi-874

nally, note that if the Reynolds number is low (typically875

below order one50, i.e., the Stokes regime) the fluid drag876

and torque are simpler:877

F = (mp − V ρf )g ẑ−∇(M ·B)− 3πdpηv,

T = πηd3pω −M×B.

2. Magnetic Field Derivation878

To homogeneously compensate gravity, the magnetic879

force on gravity’s direction (FM · ẑ) needs to be a con-880

stant independent of z, here denoted Gz. Alongside the881

previous condition, the external magnetic field B has to882

be a solution of Maxwell’s equations, leading to the fol-883

lowing set of equations:884

∇z B = Gz, (E3)

∇ ·B = 0, (E4)

∇×B = 0. (E5)

The present work focuses on axisymmetric solutions885

where a linear magnetic induction in ẑ can be proposed,886

resulting in: B(r, z) = Br(r) r̂+ (Gz z +B0) ẑ, in cylin-887

drical coordinates. Br can be obtained by solving Eq. E4,888

leading to the following magnetic field induction:889

B(r, z) = (−Gz/2 r) r̂+ (Gz z +B0) ẑ.

This magnetic induction respects the irrotational condi-890

tion (Eq. E5), whereas Eq. E3 is exactly satisfied only at891

r = 0. The latter is an unavoidable consequence of the892

solenoidal nature of magnetic fields. A dependence on893

the distance to the system axis (r) and the position on894

the axis (z) are then present in the forces acting on the895

particle:896

FM
z (r, z) = M

∂B

∂z
= M

(Gzz +B0)Gz√
(Gz)2/4r2 + (Gzz +B0)2

,

FM
r (r, z) = M

∂B

∂r
= M

r (Gz)
2/4√

(Gz)2/4r2 + (Gzz +B0)2
.

(E6)

Note that FM
r (r → 0) = 0 and FM

z (r → 0) = MGz.897

Therefore, gravity can be fully compensated at r = 0898

without any radial force present. Note that this is not899

in conflict with Earnshaw’s theorem10 because the equi-900

librium is not stable, i.e., the Laplacian of the magnetic901

energy is not zero.902
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FIG. A.1. Contour plot of the axial (a) and radial (b) compo-
nent of the theoretical magnetic force, normalized by the axial
force at z=0: FM

z (r, z)/FM
z (0, 0) and 1-FM

r (r, z)/FM
z (0, 0),

respectively.

3. Magnetic Field Homogeneity903

Fig. A.1 presents contour plots of FM
z (r, z)/FM

z (0, 0)904

and 1-FM
r (r, z)/FM

z (0, 0). Note that the normalization905

chosen is FM
z (0, 0) = MGz. Values of Gz = −250 G/m,906

B0 = 26 G, z ∈ [−150, 50] mm and M = 4.96 ×907

10−8 G−1m2s−2 were used to compute the forces from908

Equations E6, as these are typical magnitudes for the909

present experimental setup.910

The axial component of the force FM
z has a weak de-911

pendence on z and r, as quantified in Fig. A.1(a): A912

maximum axial force variation of 20% is achieved at913

z = 50 mm and r = 100 mm. At z ∈ [−150, 0] mm914

and r ∈ [0, 20] mm, the ranges used in this work, the915

axial magnetic force has fluctuations below 2%. On the916

other hand, the radial force FM
r has a stronger depen-917

dence on r and z (see Fig.A.1(b)). When r = 100 mm918

and z = 50, the radial force becomes as high as 30% of919

the reference axial force at the center FM
z (0, 0). At the920

ranges z ∈ [−150, 0] mm and r ∈ [0, 50] mm the maxi-921

mum value of radial force is reduced to 10% of its axial922

counterpart.923

The relative magnitude of the axial and radial forces924

can be calculated:925

FM
r (r, z)

FM
z (r, z)

=
1

4

Gz r

Gz z +B0
. (E7)

As the aspiration is to solely counteract gravity, a radial926

force is not desired and the latter ratio needs to be min-927

imized. There are two ways to achieve it: Keep r small928

compared to (z + B0/Gz); and/or have the largest pos-929

sible value for B0. The latter approach is ideal because930

it allows a larger volume (r-z) where the axial force is931

homogeneous and the radial forces are small. Note that932

it translates to more current on the coils (B ∝ I) and,933
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therefore, thicker coil winding that might lead to the ne-934

cessity of external cooling.935

Appendix B: Coils’ Input Parameters936

The coils’ positions (Zi) and currents (Ii) given by the937

fit for both cases are presented in Table IV. Note that938

for Case g0 only four coils are used as this case does not939

require more coils to achieve better homogeneity.940

For the Cases g∗, the coils are not powered symmet-941

rically because of the need to create a gradient in the942

magnetic field. To do so, the coils in the region with the943

highest magnetic field need to have a larger current. It944

is also important to produce a linear profile of magnetic945

field around a non-zero values in order to avoid the reori-946

entation of the particle: This would happen because the947

magnetic field would vanish and reverse direction, forcing948

the magnetic moment of the particle to re-align.949

TABLE IV. Coils’ positions and currents given by the fit
method for both Cases g0 and g∗ = 0.65. The coils’ names
follow the nomenclature presented in Fig.1.

Case g0 Case g∗ = 0.65
Z (cm) I (A) Z (cm) I (A)

Coil 1 ✗ ✗ 26.5 2.28
Coil 2 14.2 4.24 24.5 -1.77
Coil 3 12 0.20 12 1.70
Coil 4 -12 0.16 0 0.52
Coil 5 -14.2 4.46 -24.5 -3.06
Coil 6 ✗ ✗ -26.5 -1.16

950

951

Appendix C: Particle Material Discussion952

Equation 1 can be rewritten if one specifies the parti-953

cle magnetic properties: in the ferromagnetic, paramag-954

netic, or diamagnetic particle cases M ∝ B, whereas for955

a permanent magnet (with B = |B| below its coercive956

field strength) M = |M| is constant and FM = M · ∇B.957

This work focuses on the latter particle case because mag-958

netic moment values are at least two orders of magnitude959

larger. This translates into lower external magnetic in-960

duction intensities (i.e., less power or smaller coils) to961

achieve a certain magnetic force.962

In particular, the magnetic moment M of a perma-963

nent magnet can be computed, if one assumes that the964

magnetic dipolar moment is dominant, in the following965

manner:966

M =
BresV

µ0
, (E8)

where V is the volume of the magnet, µ0 the vacuum967

magnetic permeability (note that µ0 ≈ µwater) and Bres968

is the remnant magnetic flux density (for the particles969

used here Bres = 1.192 T), in other words the magnet’s970

magnetic flux density when the external coercive field971

strength is zero.972
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