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Magnetic granular media were investigated using a mutual dipole magnetic
model integrated into the open source Soft Sphere Discrete Element Method (DEM)
framework LAMMPS and LIGGGHTS. Using the magnetic model and the contact
force models from LIGGGHTS, we simulated shear behavior of MagnetoRheological
Fluids (MRF'). We found that the size distribution of simulated particles significantly
affects the qualitative and quantitative behavior of MRF in a simple shear cell.
Additionally, including cohesion, rolling resistance, friction and other contact forces
affect the simulated shear behavior. By using a high fidelity contact force model
along with an accurate size distribution and the mutual dipole magnetic model we
were able to accurately match experimental data for an example MRF.

We used the DEM model to aid in the development of a novel MRF valve
operating on an alternative MRF behavior. Our jamming, MRF valve holds pres-
sure through stable, but reversible jamming in the flow path, and is actuated by

electropermanent magnets, which require no quiescent current to maintain their



magnetization states. These valves do not require the large power draw of con-
ventional MRF valves to maintain their state. We were able to accurately predict
the experimental jamming behavior of the MRF valve using Finite Element Analysis
and LIGGGHTS with magnetization, further validating the model with a non-linear,
non-continuum behavior. Our jamming MRF valve was demonstrated in a multi-
segmented, elastomeric robot, actuated using MRF'.

Using the magnetic DEM model coupled with self-gravity, the effects of mag-
netism on rubble pile magnetic asteroids were examined. We simulated formation,
and disruption of metallic asteroids with remnant magnetizations using LAMMPS
with permanent dipoles. We found that rubble pile asteroids, formed from clouds
of magnetized grains, coalesce more quickly, and have higher porosities than aster-
oids coalesced from unmagnetized grains. Distortion and disruption was affected by
magnetization during simulated YORP spin-up. Large fragments with high aspect
ratios and low densities were formed from highly magnetized asteroids after disrup-
tion, matching the shapes of suspected metallic small bodies. Simulations of grain
avalanching on the surface of magnetized asteroids found additional morphological
differences from their unmagnetized counterparts, with reduced densities, increased

angles of repose, and cornicing.
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Chapter 1: Introduction

1.1  Granular Mechanics of Magnetized Media

Granular media exists in the border between continuum mechanics and discrete
media. They exhibit properties of solids, liquids, and gasses depending on the energy
and structure of the system. In a jammed state they behave like solids while, when
allowed to freely flow, or driven with moderate strength, they tend to behave like
liquids. When driven at high energies they begin to exhibit gas like behaviors
[4, 5, 6, 7].

Many systems can be modeled as granular media, from micro-scale to macro-
scale materials, as long as they can be characterized by a mixture of individual grains
with a large, individual internal strength and low tensile strength between grains.
Soils, sands, powders, ice flows, rubble pile asteroids, and colloidal suspensions all
behave like granular media in various contexts [7].

Two dimensional experiments are able to examine structures and force chains,
however they are not representative of many real world conditions, and so are of
limited applicability [8, 9, 10, 11]. Micro-structural analysis of 3-D granular systems
requires expensive x-ray equipment and only captures snapshots of the system, mak-

ing transient effects difficult to capture [12, 13, 14, 15]. To better understand 3D



systems of granular media, it is useful to simulate them, so that real time analysis of
individual particle paths and transient structures can be studied in three dimensions.
These simulations allow us to better understand when and why granular systems
exhibit different phase behaviors, as well as when they will exhibit non-continuum
behaviors such as jamming.

One important class of granular materials is magnetized granular media. Para-
magnetic or ferromagnetic powders or agglomerates can be subject to magnetic
forces. These include iron powders used in powder metallurgy, suspensions such as
ferrofluids and magnetorheological fluids, metal dust from machine wear or manufac-
turing, and metallic agglomerates such as rubble pile asteroids. The added magnetic
forces will affect the dynamics of these systems in unique ways due to the increased
tensile strength and anisotropy of magnetic dipole interactions [6, 16].

These magnetic interactions have been simulated in the context of magne-
torheological fluids (MRF) [17, 18, 19, 20, 21, 22, 23, 24, 25]. MRF are used in
many systems as a controllable non-newtonian fluid. By applying a magnetic field
to an MRF it undergoes a phase transition from liquid to solid [26]. The solid then
transitions back to a shear thinning fluid above a critical shear stress known as the
yield stress. By accurately simulating MRF we can obtain a better understanding
of the mechanisms by which the MRF phase transitions occur. These insights into
MRF behavior will allow us to more effectively optimize their performance. Addi-
tionally, non-standard, and non-bulk behaviors such as jamming can be predicted,
allowing for mitigation of undesirable behavior and novel applications.

Using the data-sets available for MRF to validate magnetic interaction mod-



els integrated into DEM simulations, other systems that are less mature and less
empirically accessible can be studied. Metallic, m-type, asteroids are composed of
magnetizable material and may have remnant magnetizations [27, 28, 29]. M-type
asteroids have not been explored, and little is known about their formation and
structure. These asteroids may be rubble piles, which behave like a granular media
(30, 31, 32, 33, 34]. By integrating self gravity, along with contact forces and mag-
netism in DEM simulations, we can simulate the formation and disruption of these
asteroids, giving us a better understanding of the formation and evolution of small
planetary bodies in the solar system and informing our design of future missions to
these objects.

This work improves DEM simulation of MRF by adding a mutual dipole, soft
magnetic induction force model to the open source Soft Sphere Discrete Element
Method (SSDEM) software LIGGGHTS and using the magnetic force model, with
high fidelity grain size distributions, as well as the extensive and well validated par-
ticle contact force models already included in LIGGGHTS, to simulate MRF with
higher accuracy than in previous works. It goes on to model MRF in a novel valve
application, which takes advantage of a nonstandard MRF operation using a jam-
ming phase transition, and then demonstrates the valve’s use in a multi-segmented
elastomeric soft robot. Finally, using the magnetic force models, validated with
MRF behaviors, it explores the granular behaviors of the interior and surface of

self-gravitating small planetary bodies with remnant magnetizations.



1.2 Publications

The following publications and presentations were derived from the research
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e T. Leps and C. Hartzell. High Fidelity, Discrete Element Method Simula-
tion of Magnetorheological Fluids Using Accurate Particle Size Distributions
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e T. Leps and C Hartzell. Cohesion and Avalanching on Metallic Asteroids
with Remnant Magnetic Fields. The Interdisciplinary Nature of Particulate

Systems Gordon Research Conference, Jul 2018.

e T. Leps and C. Hartzell. Simulation of a Magnetorheological Fluid Based,
Jamming, Soft Gripper Using the Soft Sphere DEM Method in LIGGGHTS.

70" Annual Meeting of the APS Division of Fluid Dynamics, Nov 2017.

e T. Leps and C. Hartzell. Simulation of Magnetorheological Fluid Using Soft
Sphere Discrete Element Method [SS-DEM]. 18" Mid-Atlantic Soft Matter

Meeting, May 2017.

1.3 Literature Review

1.3.1 Granular Simulation

Due to the non-linear nature of granular media, modeling their behavior with
just its bulk behavior is often insufficient [35]. Several emergent phenomena occur
such as jamming and phase transitions, which need to be accurately predicted for a
variety of industrial applications [36, 37, 38, 39]. In order to determine the micro-
scale effects that lead to these behaviors, accurate simulations of granular systems
are important [40].

Davis and Deresiewicz first simulated granular systems as a static system, with
Hertzian contact forces (described in detail in chapter 2) between a lattice of disks

[41]. Trollope and Berman also developed a lattice model that was able to match



elastic analytic solutions [42]. These simulations were for the purposes of analyzing
structures made of granular systems and do not include dynamics between particles,
instead measuring the bulk behavior of the system of discrete elements. Cundall and
Strack developed a dynamic “Distinct” Element Method (DEM) computer model
for the purposes of modeling structures, but capable of handling dynamic systems
[43]. They validated their code using photoelastic disks and simulated filling and
emptying of a chute to demonstrate their code’s dynamic capabilities.

Campbell and Brennen first simulated dynamic granular flows with the pur-
pose of analyzing microstructures during flows [44, 45]. They used a Hard Sphere
model where collisions were resolved analytically between time steps and resultant
velocities and positions were applied to the next time step. Between collisions, par-
ticle trajectories are considered inertial. The code was able to run three dimensional
simulations, but due to computational limitations and experimental data available
they simulated two dimensional disks and were able to recreate experimental results,
including granular temperature as an important value in characterizing granular flow
phases and behaviors.

Tsuji et. al. introduced Soft Sphere Discrete Element Method (SSDEM)
to granular simulations, integrating equations of motion through the contact of
particles by allowing them to interpenetrate each other with a restoring force [46].
The restoring normal force is calculated using the Hertzian contact model and a
tangential force is calculated using the Mindlin contact force [47]. This allows for
the simulation of dense systems with large numbers of contacts because it does not

depend on having just a single contact per time-step like hard sphere DEM and also



allows contact stresses and force chains to be resolved.

Adding rolling resistance allows DEM programs to mimic irregular particles
without the added computational costs associated with aspherical particles. Sak-
aguchi integrated a simple torque rolling resistance model and was able to accurately
reproduce stable arch formation in silo jamming simulations [48]. Jiang introduced
a two dimensional Elastic-Plastic Spring-Dashpot (EPSD) model where a spring
dashpot force provided a restoring torque to an equilibrium point that could shift
with large relative angular displacements between particles [49]. Aiet. al. expanded
the EPSD model to three dimensions and improved the handling of back rolling [3].

The open source molecular dynamics software LAMMPS developed by Plimp-
ton [50] and its derivative software LIGGGHTS developed by Kloss et. al. [51]
implement a diverse range of contact force models which have been well validated
in the literature eg. [3, 52, 53, 54, 55, 56, 57]. The modular nature of these software
packages makes it possible to extend the code with new contact and long range

forces.

1.3.2 Magnetorheological Fluid

Magnetorheological fluids are granular suspensions of soft magnetic particles,
a carrier fluid such as silicone oil, mineral oil, or water, and surfactants to help
maintain the particles in suspension [2, 58, 59, 60, 61, 62]. In its rest state, with no
external magnetic field, MRF behaves like a liquid, however when a magnetic field is

applied the MRF changes phase and behaves like a solid [58, 63]. Optimally, MRF



have a low off-state viscosity and a high on-state viscosity and revert back to a low
viscosity state after removal of the magnetic field. MRF typically have an increasing
yield stress with increasing magnetic field up to saturation of ~700—1000mT and
yield strength of ~100 kPa [26, 64, 65]. This bulk behavior can be approximated with
several shear thinning models, including the Bingham Plastic, Herschel-Buckley, and
bi-viscous models detailed by Ghaffari et al [24].

The particle size distributions and packing fraction affect the off and on-state
viscosity of MRF [2, 66, 67, 68, 69]. Increasing particle size tends to increase the
on-state yield stress, however it also results in faster settling of particles out of sus-
pension, undesireable jamming transitions, and higher off-state viscosity. Typically
the particle sizes are between 1 nm-10 pm. The MRF used by Goncalves, conversely,
used larger particles on the order of 100 pm to intentionally create conditions where
a jam could occur [70]. Similarly, increasing the packing fraction results in higher on
and off-state viscosities, with most MRF using a packing fraction of ¢ = 0.3 — 0.45
[2, 66, 67, 68, 69]. Interestingly, it has been found that using particles with two size
distributions results in an enhancement in the yield stress and a reduction in the
off-state viscosity, compared to either size distribution on its own, with the same
packing fraction [2, 66, 68].

Magnetorheological fluids are used in a wide range of applications taking ad-
vantage of the bulk rheological behavior of the fluid [59, 60, 61, 62, 71]. These
applications include valves, clutches, and dampers, which can all be actuated in
real-time and their characteristics actively controlled with no additional moving

parts. There are also some applications where the granular behavior is desirable.



Goncalves designed a unique MRF valve that takes advantage of a reversible jam-
ming behavior where a constriction’s effective diameter is decreased by the addition
of a strong magnetic field gradient that attracts magnetic particles to the edge of the
constriction [70]. MRF can also be used to polish surfaces to extremely fine finishes
on the order of tens of nanometers and tens of angstroms RMS roughness, while
limiting heating of the surface and wear of the polishing tools because the MRF
is continuously circulated with the polishing grains suspended in the fluid, pulling
heat and debris away while all of the shear forces are reacted within the fluid and
not by the polishing tool [72].

To understand the mechanisms behind the bulk behavior of MRF and to bet-
ter understand some non-standard behaviors such as jamming, it is desirable to
understand the granular micro-behaviors of the MRF. Several experiments have at-
tempted to capture the microstructures [63, 73]. Tang et. al. uses an epoxy resin
instead of an oil as the MRF carrier fluid. This allows the iron particles to be frozen
in their state and the resulting composite is then sectioned and analyzed with SEM.
This approach is limited to static conditions as the MRF cannot be in motion as
the resin is cured. It also does not allow for the capture of transient structures.
Dimock et al. uses a quasi-2D cell, which allows for shearing and can capture tran-
sient effects, however is limited by the packing fraction that can be used and the
geometries it can examine, as well as being subject to wall effects [63].

To examine microstructure of MRF without the limitations of experimental
methods it is desirable to be able to simulate MRF with high fidelity. Due to their

granular nature, SSDEM is well suited to simulation of MRF, however it requires



the addition of a long range magnetic force and modeling of the interstitial carrier
fluid [17, 18, 20, 22, 25, 74]. When placed in a magnetic field, a paramagnetic or
ferromagnetic particle will have a magnetic moment induced in the direction of the
background field [16, 17, 19, 20]. In the case of a spherical particle, the resultant
moment is purely a dipole moment. This is an exact solution to the Laplace equation
resulting from Maxwell’s equations. However, when the particle is surrounded by
other particles as well, the boundary value problem for solving the Laplace equation
quickly becomes intractable [16, 19, 20]. The Oth order approximation that the total
magnetic moment is simply equal to the dipole moment induced by the background
field, ignoring the contribution of the additional particles, works for disperse sys-
tems because the dipole field drops off proportional to distance cubed [19]. Early
DEM simulations of MRF used this approximation [17| however, because MRF are
generally a dense suspension, the assumption of independent magnetizations breaks
down. Keaveny introduced the mutual dipole method, where the field from each
close neighbor is added to the background field to calculate induced dipole mo-
ments. This process is iterated and rapidly converges within a few iterations and is
used by many subsequent works [19, 20, 22]. This mutual dipole method increases
attractive forces between two particles by up to 78% and reduces repulsive forces
between two particles by up to 21% compared to the fixed dipole approximation,
however it ignores multipole effects and still underestimates the force compared to
an exact solution [20]. Kittipoomwong uses a Mean Field approximation, assum-
ing that the two particle sizes in a bi-disperse mixture all have the same magnetic
moment and solving directly assuming perfect dipoles [74].
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The interstitial fluid can be modeled in a coupled or uncoupled regime. In
an uncoupled regime, the effects of the particles on the fluid flow are ignored, and
only the forces on the particles by the fluid are considered [17, 18, 22]. In coupled
regimes the effect of the fluid on the particles and the effect of the particles on the
fluid are both considered [20, 25]. Uncoupled flow generally takes the form of Stokes
drag and is used in simple geometries where the bulk flow is well defined, such
as stationary background fluids, or simple shear cells that will have Couette flow
background flow profiles [17, 18, 22]. Stokes drag is generally a good approximation
for individual particles with low Reynolds number. Han et al. instead use a Lattice-
Boltzman coupled flow where fluid ‘particles’ move through lattice nodes, colliding
with other fluid ‘particles” at the nodes. The pressure is calculated from the density
function, determined by the number of fluid ‘particles’ at each node. Boundary
conditions are recovered from the ‘particle’ interactions at boundary nodes. Lagger
uses a smoothed particle hydrodynamic model, another lagrangian method that
treats the fluid as discrete fluid ‘particles’ [25]. Lagger found that for realistic MRF
simulations, with low relative velocities between particles, simple stokes drag is
sufficient for accurate simulations.

Most MRF simulations use monotonic particle sizes [17, 18, 20, 22, 25]. Typi-
cal particle size distributions for MRF are actually log-normal distributions [2, 68].
Furthermore particle size is known to significantly affect the MRF performance
2, 66, 67, 68, 69]. Kittipoomwong simulated a bi-disperse mixture in a 2D simula-
tion and was able to recreate the yield stress enhancement, however each particle
distribution was monotonic, with just two particle sizes, and the yield stresses were
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much lower than experimental results [74]. Sherman simulated a theoretical log-
normal distribution, but did not match a specific experimental distribution, and

used a simple, fixed dipole, magnetic model [23].

1.3.3 MRF Valve

One application of Magnetorheological fluids is in solid state valves, which
require no moving parts to actuate [26, 65, 70, 75, 76, 77, 78]. MR valves are
typically larger than 25 mm-50 mm in diameter with the size limited by the pressure

drop calculated by Abd-Fatah [71]:

Ty L
Pflow ~ y7 (11)

requiring large magnetic fields to increase the yield strength (7,), long paths (L),
or small effective path diameters (d) which then require large annular path cir-
cumferences to achieve good flow rates. They are also made of heavy magnetically
permeable material, and require 1 W-100 W of steady power draw to actuate [70, 75].
Goncalves” MGP valve can hold significantly more pressure for a given size and power
than traditional yield based MR valves by taking advantage of a granular jamming
transition that does not follow Equation (1.1), and flows better when off due to a
2mm diameter orifice, compared to pathways on the order of 0.1 mm wide used in
traditional valve designs [70]. The MGP valve still requires on the order of watts
of power to maintain the closed state and an electromagnet capable of maintain-

ing amps of current, limiting its size. Gilpin and Knaian developed an alternative
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electromagnet called an electropermanent magnet (EPM), which uses a very high
current pulse on the order of 10’s of amps for microseconds in order to permanently
magnetize and demagnetize a high remnant permanent magnet [79, 80]. Because
the current pulse is so short, the total energy used in switching and maintaining a
state is very low, and the wire gauge carrying the current can be much smaller. This
allows for magnetic fields on the order of hundreds of milliTesla to be maintained
with a device on the order of tens of cubic millimeters in volume.

Simulation and modeling of MR valves can successfully be done with FEA
to analyze the magnetic properties of the valve system and the bulk behavior of
the MRF flowing in the valve [71, 76, 81]. Using the bulk behavior is insufficient
to simulate an MGP valve however because jamming is a microscopic effect of the

granular nature of MRF'.

1.3.4 Simulation of Rubble Pile Asteroids

Davis et al. proposed that some asteroids are made up of gravitationally bound
‘rubble piles’ [82]. The spin rates of asteroids show a clustering near the limit of
asteroid strength, as calculated for self-gravitating agglomerates, supporting that
many asteroids could be rubble piles [83]. Observations of asteroids Itokawa, Ryugu,
and Bennu by Hayabusa, Hayabusa 2, and OSIRIS-REx, have also been consistent
with rubble piles, indicating that not only are some asteroids rubble piles, many
or even most are [34, 84, 85, 86]. Holsapple showed that internal strength from

rolling resistance, friction and cohesion could add to the maximum rotation velocity
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before disruption [87, 88]. Scheeres showed that cohesion was an important force in
asteroid strength, dominating gravity for a range of possible asteroid and grain sizes
[89]. Hartzell found that cohesion could affect the surface morphology of asteroids
by limiting reshaping due to electrostatic dust lofting [90].

Since rubble pile asteroids are granular systems they lend themselves to sim-
ulation with DEM. Richardson developed the PKDgrav software adding a Hard
Sphere DEM solver to an n-body solver, allowing simulation of granular systems
with self gravitation [30]. Richardson went on to include cohesive effects in these
simulations [31]. In order to handle close contacts in a HSDEM simulation, Richard-
son used a crystalization model for bound particles. Sanchez implemented n-body
long range forces into SSDEM allowing simulations to be run with one set of physics
for the entire system [32]. PKDgrav was also modified to run SSDEM granular in-
teractions [91]. To investigate the results of YORP effect spin-up on asteroid shape
and disruption, Sanchez progressively stepped up the angular velocities of simulated
cohesive aggregates to look at the effects of internal strength caused by rolling re-
sistance, friction and cohesion on asteroid disruption patterns [33]. Sanchez found
that increasing internal strength resulted in agglomerates that remained stable to
higher spin rates. Additionally, as internal strengths increased, objects went from
deforming into oblate spheroids and shedding grains individually or in small clumps,
to fissuring into large fragments.

Asteroids and meteorites have been found to have remnant magnetic fields
[27, 28, 29]. The magnetization of the asteroids Gaspra, and Braille, as well as
magnetizations of meteorites are consistent with each other, implying that asteroid
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magnetization may be somewhat common [29]. The consistent magnetization may
be due to a primordial background magnetic field in the early solar system [27, 92].

M-type asteroids are assumed to be composed primarily of nickel and iron
based on their spectral signature and similarities to metallic meteorites [93, 94].
Several potentially metallic small planetary bodies have densities and shapes that
are not consistent with what would be expected from gravitation, friction, and
cohesion [95, 96, 97]. Kleopatra has a dog bone shape with a long, skinny center
with a bulge on either end [95]. Kalliope has an m-type spectral signature, but a
density of just 3.4 g/cm?3, which would require a very high porosity or the presence of
a large amount silicates [96]. ’Oumuamua, has an extremely high aspect ratio, and
experienced an extra-gravitational acceleration that requires either more outgassing

than observed or a lower density than expected [97, 98].
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Chapter 2: Simulation of Magnetorheological Fluid

This chapter contains material published in: T. Leps and C. Hartzell. High
Fidelity, Discrete Element Method Simulation of Magnetorheological Fluids Using
Accurate Particle Size Distributions in LIGGGHTS Extended With Mutual Dipole

Method. Materials Research Express, 8(8):085701, Aug 2021. [99]

2.1 Introduction

Magnetorheological fluids (MRF') are mixtures of paramagnetic particles, with
sizes on the order of microns to 10s of microns, in suspension with a carrier fluid
and small amounts of various additives [59, 60, 61, 62]. An MRF flows similarly to
a nearly Newtonian fluid when there is no applied magnetic field. When a magnetic
field is applied, the paramagnetic particles form structures that impede the flow,
resulting in a non-Newtonian, shear thinning, Bingham plastic (fig. 2.1) behavior.
The MRF acts like a solid below a critical yield stress, then flows with a linear
shear rate-stress curve offset from the origin by the yield stress. When the magnetic
field is removed, the MRF reverts to its nearly Newtonian behavior [63]. The yield
stress of MRF increases with magnetic field strength until saturation, at which

point increasing the magnetic field does not significantly increase the yield stress.
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The maximum yield stress for MRF is ~100kPa, at saturation of ~700—1000 mT

[26, 64, 65].

Shear Stress

Strain Rate

Figure 2.1: Magnetorheological fluid stress strain curve, modeled as a Bingham
plastic, with no flow when 7 < 7, [1].

The properties of MRF depend on the particle size and packing fraction. As
packing fraction increases (¢), the off-state viscosity increases and the on-state yield
stress increases [67, 69]. Most MRF formulations tend to fall between ¢ = 0.3 —0.45
representing a good compromise between off-state viscosity and yield stress. Sim-
ilarly, as particle size increases, the off-state viscosity and on-state yield stress in-
crease. However, as the particle size gets too large, the particles quickly settle out of
suspension. Typical MRF formulations tend to have particle sizes between 1-10 pm.
Interestingly, a bidisperse mixture of particles enhances the yield stress beyond that
of a purely larger particle mixture, while also having an off-state viscosity lower than
that of the smaller particles [2, 66, 68]. The lower off-state viscosity may be due
to the reduced ratio of the packing fraction to the maximum packing fraction with
bidisperse particle distributions, but the mechanism for the yield stress enhancement
is not well understood.

The unique viscosity characteristics of MRF make them interesting in a wide
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range of applications, including solid state valves, flow control, power transmission,
polishing, and robotics [59, 60, 61, 62]. For many applications, it is desirable to max-
imize the yield stress for an applied magnetic field, while minimizing the off-state
viscosity. Many of these properties are empirically determined. While empirical,
bulk properties of MRF are sufficient to achieve good results in applications, better
understanding of the MRF microstructure in use and how different formulations
affect the characteristics can allow for better prediction of performance and opti-
mization of designs, as well as development of novel applications.

In order to better understand MREF, it is useful to see what is happening
at the microscopic level. Attempts have been made to capture the microstructures
experimentally in both electrorheological and MR fluids by using resin as the carrier
fluid and allowing it to set inside a field or making quasi-2D cells [63]. However, resin
cannot capture dynamic or transient effects and quasi-2D cells affect the physics of
the interactions. To overcome these shortcomings, many attempts have been made
to simulate MRF using the Discrete Element Method (DEM) [17, 18, 20, 22, 25,
74]. DEM takes a brute force strategy; summing forces on individual particles
and integrating their equations of motion [51]. Because the particle dynamics are
fully determined from integrating Newton’s 2nd Law, additional physics are easily
implemented during the force summation step.

Early simulations were limited to quasi-2D models due to computational lim-
itations. Such models are subject to similar limitations as the experimental work
with monolayer cells [18], but were able to recreate the structures seen in the ex-

perimental cases. Mohebi extended simulations into full three-dimensional space
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showing the formation of three-dimensional particle chains, however the magnetic
induction model assumed fixed dipoles unaffected by the fields of adjacent particles
and there was no attempt to characterize the rheology of the fluid [17]. Keaveny de-
veloped a mutual dipole method where the magnetic fields from nearby particles are
included to calculate the magnetic moment of each particle, iteratively converging
to a more accurate value [19]. This model has been used in several works [20, 22].

The effect of the hydrodynamics model on simulating MR fluids has also been
examined. Often, uncoupled Stokes drag is assumed, where the carrier fluid is
not affected by the particles and the drag on the particles is independent of its
neighbors. In the case of a single grain at low Reynolds number, Stokes drag is
very accurate; however, because of the dense packing of grains in contact with each
other in an MRF, the assumptions break down. To get around the breakdown of
the assumptions, attempts have been made at using coupled fluid dynamics where
the effect of the particles on the fluid and the fluid on the particles is calculated
using Computational Fluid Dynamics (CFD) [20, 25]. This increases the fidelity
of the simulation; however, it also drastically increases computation time. Thus,
for simple geometries with low shear rates, where relative velocities between the
grains and the carrier fluid are low, uncoupled models are preferable for their lower
computing costs.

One area that has not been fully explored is the effect of particle size distribu-
tions on DEM simulations of MRF. Most previous work has assumed a monotonic
particle size distribution [17, 18, 20, 22, 25]. Kittipoomwong investigated bidisperse
distributions, but again, used two monotonic particle distributions. Despite the
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simple particle distribution model, they were able to show a yield strength enhance-
ment for the bidisperse particle distribution, though the absolute yield stress was
considerably lower than experimental values [74]. Actual particle distributions tend
to follow log-normal distributions (fig. 2.2) [2, 68]. Due to the cubic relationship
between volume and diameter, this can result in mixtures that have many smaller
particles. A theoretical log-normal distribution was examined by Sherman using a
simple fixed dipole model [23]. In this work we examine the effect of using hi-fidelity
contact models and reproductions of the particle size distributions found in experi-
mental investigations of MRF on the simulation of magnetorheological fluids using

DEM software.
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Figure 2.2: Two log-normal distributions used to create bidisperse MRF mixtures
from Trendler and Bose with mean particle sizes of approximately 1.8 pm and 6.7 pm
for the small and large particles, respectively [2].
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2.2 Model

For our simulations we use LIGGGHTS an open-source Soft Sphere Dis-
crete Element Method software [51]. LIGGGHTS, which is built on very mature
LAMMPS code, is highly parallelizable and uses a modular code structure that
makes it suitable for extension with custom models. We use 3D shear cells to exam-
ine the full structure and behavior of the MRF with high fidelity to experimental

and applied geometries.

2.2.1 Contact Model

The particle-particle contact forces govern how particles resist interpenetrat-
ing and rebound off each other in collisions. There are two common contact models
used in DEM simulations with magnetic particles. The highest fidelity model is
the Hertzian model, which treats the particles as an elastic material with a de-
fined Young’s modulus and Poisson ratio. Given two spherical particles with radii
R;, R;, Young’s modulus Y}, Y}, Poisson ratio v;, v;, and coefficient of restitution e,
co-penetrating each other a distance An;;, with a normal component of their rel-
ative velocities v, , the normal force between particles is given by (eq. (2.1)). The
tangential force is similarly formulated with an additional sliding friction coefficient

, which limits the maximum Hertzian tangential force F; < F,u, [51].

F, =k, Ang; —yv) (2.1)
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where Y*, m*, and R* are the reduced Young’s modulus, reduced mass, and reduced
radius of the particle pairs respectively. This contact force has the advantage of
creating realistic separations between particles in contact, which is important due
to the d* dependence of the magnetic force, however the spring force ramps up very
quickly, creating a very stiff system. The stiffness of the system requires very short
timesteps in order to maintain numerical stability in the system. To reduce the
stiffness, some simulations have implemented an exponential contact force model
(eq. (2.2)).

F, = Qexp [kAn,j] (2.2)

where () is chosen to cancel the maximum attractive magnetic force between the
particles and £ is chosen to balance the tradeoff between the stiffness of the system
with the additional, unphysical repulsion force that extends past the particle contact
distance [22].

To maximize the fidelity of our simulations, we use a Hertzian contact model in
all our simulations. We also include several additional standard LIGGGHTS contact
forces. A sliding friction coefficient p, limits the maximum Hertzian tangential force
Fy, < F,u,. Rolling resistance is included to mimic some of the mechanical effects of
some asphericity in the iron grains using the Elastic-Plastic Spring-Dashpot (EPSD)

model. This creates a static restoring spring torque back to original contact point,
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which ramps up from zero to a maximum value as displacement increases, and then
falls back along the same slope to zero as if the particles start to roll backwards
(fig. 2.3) [3]. Finally, we include a cohesion term using the SJKR cohesion model
F. = k. A, where A is the contact area and k. is a volume energy density. Values

used in our simulations can be found in Table 2.1.

|/
NI

<«

Torque
o

0 0.5 1 1.5 2 25 3
Angular Displacement

Figure 2.3: EPSD model for rolling resistance from Ai et al. Blue paths represent
elastic torques where the particle will roll to a constant equilibrium point if allowed
to. Red paths represent plastic deformations where the particles will roll to a new
equilibrium point [3].

2.2.2 Fluid Model

In our simulations we implement a simple shear cell, with the top bound-
ary moving right and the bottom boundary moving left with speed v,q;. Due to
the symmetry of the system, we can assume a simple Couette flow velocity profile
(fig. 2.4) for the carrier fluid in the cell. To reduce computational complexity, we
use an uncoupled hydrodynamic model, with fluid velocities vy equal to the Couette
profile for a given shear rate and Stokes drag (eq. (2.3)) on the grains from the

carrier fluid with dynamic viscosity . The Reynolds numbers in our simulations
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are on the order of 107!° with terminal velocities created by the magnetic forces on

particles, making Stokes drag a very good approximation for individual grains.

Fy = —6mpR;(v; — vy) (2.3)

Figure 2.4: A couette flow profile with walls moving at V., in opposite directions
while the fluid velocity, V, varies linearly from —V,,.; to Ve traversing from the
bottom wall to the top wall

2.2.3 Magnetic Induction

Paramagnetic grains with susceptibility x, such as those in an MRF, become
magnetized when in the presence of an external magnetic field H. In the case of a
sphere in a uniform magnetic field, the grain is uniformly magnetized, resulting in
a dipole moment (eq. (2.4)) [16].

N .
i, = Arc——R3H = C,, H (2.4)
X +2
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The force on the resultant dipoles is found in Equation (2.5).
P, =V (rﬁ : é) (2.5)

Notably, there is no force on a magnetic dipole in the presence of a uniform magnetic
field. There is a torque term in the magnetic dipole interaction; however, because
we use soft magnetic grains, the dipole of the particles will always be aligned with
the local magnetic field. The resulting torque will always be zero. Therefore, we
omit the magnetic dipole torque equation in our simulation.

In disperse mixtures, it is often acceptable to use the dipole calculated from
the background field in simulations (fixed dipole method). However, in the dense
mixtures of MRF, the magnetic fields from neighboring grains begin to have a sig-
nificant effect. To capture the effect of neighboring grains, we implement a mutual
dipole method [19]. In the mutual dipole method, all of the grains are magnetized
using the background magnetic field. Then the dipoles are recalculated using the
background field plus the magnetic fields created by all near neighbors. This calcu-

lation is then iterated until the dipole moments of the individual particles converge
(eq. (2.6)).

A = O, (ﬁ0+ > ﬁmj(a)> (2.6)

j=1,ji
Increasing the distance neighbors are considered will increase the accuracy of the
model while incurring computational costs increasing with the square of the neighbor

length. An infinite neighbor-length recreates a 2nd order approximation (terms
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higher than dipole ignored) of the entire system. A neighbor length of three particle
diameters was used by Sherman simulating non-disperse particle [21]. Han, Feng,
and Owen demonstrate that using the mutual dipole method with a two-particle
chain, parallel to the background field, increases attractive forces by 77.78% while
two particles adjacent to each other, aligned perpendicular to the background field,
have their repulsive force reduced by 20.99% [20]. This model converges rapidly,
with forces on an L shaped chain of particles converging to within one part in 10°
within five iterations. Due to the rapid convergence and extremely short timestep

from the stiffness in the contact forces, we make the assumption:

(V(H - ,)ts| < |H] (2.7)

and only iterate the mutual dipole method once per timestep. This, by the assump-
tion that the motion of a particle in one timestep results in a very small change in
the local magnetic field, does not introduce appreciable error, and greatly reduces

the computational cost of the mutual dipole method.

2.3 MRF Simulation

In order to test the effects of particle size distribution on MRF' simulations,
we attempted to recreate the properties of the MRF in Trendler and Bose (fig. 2.5)
[2]. Trendler examined the effect of size and bidisperse mixtures on MRF proper-
ties. They reported precise curves for their particle size distributions (fig. 2.2) found

through laser diffraction, allowing us to recreate their MRF mixtures in LIGGGHTS.
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Trendler and Bose do not specify whether their distributions are volume or number
densities, so simulations are performed with both interpretations. The two distribu-
tions they used to make their mixtures have mean particle size of 1.8 pm and 6.7 pm

that were mixed in varying proportions for their experiments.
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Figure 2.5: Trendler and Bose experimental data for (2.5a) shear stress as a function
of shear rate for 33:67 and 00:100 mixtures, and (2.5b) shear stress as a function of
magnetic field at 100s ! for a 00:100 mixture.

Due to computation time limitations, we only attempt to reproduce two mix-
tures from their experimental data; a 00:100 ratio and a 33:67 ratio of small to large
particles with a packing fraction/vol.% of ¢ = 0.3. The parameters for the particle
contact forces are given in Table 2.1. Most of the properties are chosen as accepted
values for lubricated iron. The Young’s modulus notably varies from the accepted
value for iron at approximately 1% of the accepted value. Reducing the modulus
reduces stiffness and allows for an increased timestep. Chen et al. found that for
moduli down to 0.1% of the actual material modulus, the behavior of a granular
mixing simulation is statistically unchanged [100]. Moreover, in our simulations,

particle chains will be largely under tension, further reducing the dependence on
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the Young’s modulus.

\ Young’s \ Poisson \ Restitution \ Iy \ . \ Y \ ke \
[ 1GPa  [0278 |01 [ 0.1 [ 0.1 [ 0.1 | 60kJ/m?|

Table 2.1: Particle properties

The carrier fluid dynamic viscosity is 10 mPa-s. This matches the silicone oil
used by Trendler and Bose as their carrier fluid.

Unless otherwise specified, all simulations are carried out in a shear cell 250 pmX250 pmX250 p
with periodic boundary conditions in the X and Y directions, and fixed boundary
conditions in the Z direction.

The shear cell is initialized by filling the simulation volume with particles
randomly packed with a particle distribution pulled from a digitized version of
Trendler’s data (fig. 2.2, table 2.2). A constant magnetic field is then applied to
the volume in the Z direction, and the particles are allowed to reach an equilibrium
state, comprised of particle chains aligned along the magnetic field. Once the par-
ticles have settled, the top and bottom 15pm are frozen to create particle rafts to
act as the shearing surfaces. Prior work has used either densely packed, crystalline
particle rafts, randomly distributed particle rafts, or monolayers as their shearing
surfaces. This tends to create a weaker attachment of particle chains, which slip
across the shearing surfaces. By using the magnetic structures, the surface of the
raft has strong magnetic field concentrations, which create strong attachment points
for the active volume particle chains and are more representative of physical shear
cells.

When the initialization process is complete, the top and bottom rafts are
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(a) Small particle distribution

Size 0.67pm| 0.78 pm| 0.91 pm| 1.05pm| 1.25pm| 1.43pm| 1.67pm| 1.96 pm
% 0.0033 | 0.0160 | 0.0367 | 0.0609 | 0.0863 | 0.1092 | 0.1242 | 0.1326
Size 2.25pum| 2.63pum| 3.03pm| 3.55um| 4.16 pm | 4.97pm| 5.71 pm| 7.02 pm
% 0.1329 | 0.1097 | 0.0821 | 0.0540 | 0.0316 | 0.0146 | 0.0057 | 2.230e-4
(b) Large particle distribution

Size 1.46pm | 1.69pm | 1.98pm | 2.29pm | 2.65pum | 3.07pm | 3.57 pm
% le-4 6.155e-4 | 0.0019 0.0047 0.0117 0.0226 0.0403
Size 411pm | 4.89pm | 5.69pm | 6.55pm | 7.66 pm | 8.84pum | 10.42 pm
% 0.0646 0.0925 0.1167 0.1327 0.1403 0.1236 0.0985
Size 11.87pm | 13.91pm | 16.63 pm | 19.48 pm | 24.44 pm

% 0.0699 0.0446 0.0243 0.0100 5.593e-4

Table 2.2: Particle size distributions used in simulations digitized from Trendler and
Bose

given equal and opposite velocities in the X direction starting with the maximum
speed 0.128 um/ps for 3e6 timesteps to create a fully yielding fluid. The simu-
lation then runs an additional 1e6 timesteps, then reduces the speed successively
to 0.064 pm/ps, 0.032 pm/ps, 0.011 pm/ps, 0.008 um /us, 0.004 pm/ps, 0.002 pm /s,
0.001 pm/ps, running for le6 timesteps at each shear rate. Timesteps for all sim-
ulations are 0.0002 ps, sufficient to keep the simulation timestep below 10% of the
hertzian time for all particle sizes used in simulation.

Simulations were run with 600 mT background fields for the two different mix-
tures with the two different particle distributions. With just the 00:100 mixture
MRF, the following additional simulations were run: with a monodisperse particle
distribution; with each dimension of the shear cell doubled; without cohesion; with
a stationary carrier fluid; and with no rolling resistance. We also ran simulations
with the large particle mixture and varying magnetic fields at shear rates down to
100s ! corresponding to the shear stress/magnetic field experiment performed by
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Trendler and Bose (data recreated in fig. 2.5b).

2.4 Results

2.4.1 Particle Structures and Morphology

Our simulations formed particle chains along the applied magnetic field after
approximately 1leb timesteps. In the case of the lognormal distributions, rope-like
chains and thick walls are formed at approximately the diameter and width of the
largest particles (figs. 2.6b and 2.6¢). These thick chains are stable under shear until
they break and are reformed into new morphologically similar chains. In contrast,
the monodisperse particles initially form one particle thick, disordered chains, which
quickly coalesce into sheets composed of crystallographic domains (fig. 2.6a). The
domains rotate under the shear, but do not break and reform as obviously as the
chains formed by the lognormal distributions.

Observing the Z-plane cross-sections, it can be seen more clearly that the
monodisperse particles form structures that are predominantly one particle wide,
particularly after they have been sheared (fig. 2.7a). The structures also align them-
selves prominently along the direction of shear, with the crystallographic sheets seen
in the Y-Plane cross-sections forming roughly parallel bands across the Y direction.
The lognormal distributions show considerably less banding and continue to exhibit
thickness similar to the largest particle diameter (figs. 2.7b and 2.7c). The gaps
between structures also appear as approximately the same width as the largest par-

ticles in the lognormal distributions and single particle wide in the monodisperse
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Figure 2.6: 25num thick, center, Y-plane cross-sections of simulated 00:100 mix-
ture. The top sections are initialized with no magnetic fields. The middle sections
are magnetized in a B = 600mT2 field. The bottom sections are sheared with
v = 0.93 of simple shear in the X direction at a shear rate starting at v = 1100s™!
and finishing at 590s~!. Figure 2.6a shows monodisperse 6.7 pm particles form-
ing vertical chains when the magnetic field is applied. As the cell is sheared, the
disordered chains begin to form sheets with crystallographic domains. Figure 2.6b
shows a lognormal, number density distribution. During the initial magnetization,
the structures formed are thick chains tending towards the diameter of the larger
particles, sometimes coming together to form large clumps. As the cell is sheared,
the chains also shear over with the cell but remain morphologically similar to the
unsheared chains. Figure 2.6c shows a lognormal, volume density distribution. The
initial magnetization still produces structures with a thickness comparable to the
larger particles despite there being relatively fewer large particles. The chains again
shear along with the cell though some additional clumping occurs.
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case.

In the 33:67 distributions many of the same trends continue (fig. 2.8). With the
addition of smaller particles, the particle chains become tighter and more numerous,
with smaller and more numerous gaps particularly pronounced in the volume density
distribution. The 33:67 mixture volume distribution is the first simulation where
the particle chains are smaller than the largest particle diameters and instead tend
towards the diameter of the more numerous, medium-large diameter particles. The
volume density mixture also creates smaller and more convoluted structures than any
of the other simulations with considerably smaller gaps between structures (fig. 2.9).
There is virtually no plane formation along the shear direction in the case of the
volume distribution.

One interesting feature is the way that the chains behave at large strains. Past
works have characterized the chains as reaching a critical strain where the tensile
stress in the chains exceeds the magnetic forces, at which point the chains break
and then reform with other broken chains with lower shear and strain [21]. In our
simulations using particle distributions, the deformation and destruction of chains
are considerably less distinct. During shear, the gaps between chains shrink. As the
shear angle of the chains increases, the component of the background field across the
chains increases. Neighboring chains then link together and the attachment points

split into new, lower shear chains (fig. 2.10).
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Figure 2.7: 25 pm thick, center, Z-plane cross-sections of simulated 00:100 mixture.
The top sections are initialized with no magnetic fields. The middle sections are
magnetized in a B = 600mT? field. The bottom sections are sheared with v =0.93
of simple shear in the X direction at a shear rate starting at ¥ = 1100s~! and finish-
ing at 590s~!. Figure 2.7a shows monodisperse 6.7 pm particles forming extremely
convoluted, single particle wide structures when the magnetic field is applied. They
then straighten into single particle wide lamellar structures, aligned with the di-
rection of shear as the cells are sheared. Figure 2.7b shows a lognormal, number
density distribution. During the initial magnetization, the structures formed are
thicker tending towards the diameter of the larger particles. As the cell is sheared,
there is some alignment along the direction of shear, though the formation of lamel-
lar sheets is muted. Figure 2.7c shows a lognormal, volume density distribution. The
initial magnetization still produces structures with a thickness comparable to the
larger particles. There is little alignment into lamellar structures during shearing.
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Figure 2.8: 25 pm thick, center, Y-plane cross-sections of simulated 33:67 mixture,
magnetized in a 600 mT field and sheared with v = 0.93 of simple shear at a shear
rate starting at ¥ = 1100s~! and finishing at 590s~!. (fig. 2.8a) The number density
distribution produces strands and clumps similar morphologically to those from the
volume distribution from the 00:100 mixture. (fig. 2.8b) breaks from the trend and
has structures somewhat smaller than the largest particles with more cross linking
from the smallest particles and more numerous and smaller gaps between strands.
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Figure 2.9: Sheared, 33:67, Volume Density Distribution Z Cross-section. The vol-
ume density distribution again shows the largest deviation from the other distribu-
tions, with much finer features. The labyrinthine behavior of the other distributions
is replaced by small, disjoint chambers. No alignment with the direction of shear is
apparent.

2.4.2 Yield Stress

To compare the simulation results to the data from Trendler and Bose, the
force on the upper raft particles was stored every 5K time steps, summed and divided
by the area to calculate the stress (eq. (2.8)).

1
— -~ F, 2.8
)(dMn}iﬁnl ( )

icraft

T

The last 100 calculated shear stresses for each shear rate were averaged to obtain
the shear stress at each shear rate. Figure 2.11 shows the results of four different ini-
tial seeds for the particle packing using the number density distribution, compared

against the Trendler and Bose experimental results. Simulations with number par-
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(a) Unsheared particle chain, (b) Sheared, attachment (c¢) Chain, integrated into
highlighted in red points highlighted in green new chains

Figure 2.10: The progression of a chain of particles (red, fig. 2.10a) from a disjoint,
low shear pillar to a higher shear chain, which then attaches itself to adjacent chains
(green, fig. 2.10b). The attachment points then go on to form sections of a new set
of chains (fig. 2.10c). Note that the new chains have a pattern of red sandwiched
between two layers of green, indicating that a left side and right side attachment
point go on to form the top and bottom of a chain segment. (Y cross-section 00:100
volume density)

ticle distributions for 00:100 mixtures were computationally inexpensive and agreed
with Trendler and Bose’s experimental data very well. The four simulations were
run using the standard shear cell size and the 00:100 number distribution mix-
ture. The different seeds were fairly consistent, though Seed3 had somewhat larger
deviation from the experimental data, and showed some morphological differences
(fig. 2.11a). Still, the maximum standard deviation in the simulated shear stress
for the four seeds was 7.16% of the mean shear stress, at a shear rate of 36.4s .
The experimental data was within one standard deviation of the mean of the four

! which was too high in the

seeds at all data points but the lowest shear rate, 9s—
simulations (fig. 2.11b). In addition to the regular size shear cells, two additional

simulations were run with a 500 pmX500 pmX500 pm shear cell, to check the sen-

sitivity to the shear cell size in simulations (fig. 2.12). The double sized shear cell
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Figure 2.11: Plots of shear stress obtained from simulations compared to Trendler
and Bose experimental data at 600 mT showing: (fig. 2.11a) Shear stress for several
different initial particle packing random seeds being sheared at rates ranging from
4 =1100s"! to 4=9s !, (fig. 2.11b) Mean shear stress from the multiple seeds in
fig. 2.11a. Linear regressions for the shear rates above 200s™! are used to calculate
the yield stress.

simulations produced similar results to the 250 pm cells. The volume distribution,
in addition to being considerably more computationally expensive, does not match
the experimental results as well as the number density distributions (fig. 2.13).

Yield stress was calculated using a linear fit to data points with shear rates
4 >200s"! (fig. 2.11b). The yield stress and errors are shown in table 2.4. The
mean yield stress for all 00:100 number density simulations was 43.9 kPa compared
to 44.9kPa in Trendler and Bose’s data, and the standard deviation in yield stress
for these data sets was 1.28kPa or 2.9% of the mean yield stress. The volume
distribution produced a 49.6 kPa yield stress.

Our simulation with the 33:67 mixture, using number density distributions,

was able to capture the shear stress enhancement found experimentally in bi-disperse
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Figure 2.12: Trendler and simulation shear stress vs. shear rate for two 00:100 dou-
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Figure 2.13: Trendler and simulation shear stress vs. shear rate for a 00:100 volume
density distribution, only run 5e6 timesteps due to computation costs. The volume
density distribution over estimates the yield stress by 10%.
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Data Set \ Ty \ % Error ‘

00:100 Mix

Trendler 44 9kPa | NA
Seed1 44.7kPa | 0.4%
Seed?2 44.1kPa | 1.9%
Seed3 41.8kPa | 7.0%
Seed4 45.9kPa | 2.1%
Mean 44.1kPa | 1.8%
2X Seedl 43.0kPa | 4.2%
2X Seed?2 44.0kPa | 2.1%
Average 43.9kPa | 2.2%
Volume den. | 49.6kPa | 10.4%
33:67 Mix

Trendler 50.8 kPa | NA
Number den. | 56.3kPa | 10.8%

Table 2.4: Yield stress for simulations at 600 mT: with four number density random
seeds, the mean shear stresses from the four regular size number distributions, two
double sized number density seeds, the average of the calculated yield stresses from
all number density simulations, and a volume density simulation.

MRF mixtures (fig. 2.14). The enhancement to the shear stress was somewhat over-
pronounced however, overshooting the experimental value by approximately 10%.
There was also some reduction in the knee where the shear stress drops off at low
shear rates. Simulations using volume distributions for the 33:67 mixture were too
computationally expensive for us to produce a full shear profile in simulations and
are only examined qualitatively in this work.

In addition to the shear stress vs. rate simulations, we also simulated various

L Two seeds were

field strengths and measured the resultant shear stress at 100s™
used, and they produced very consistent shear stresses with a similarly shaped trend
to the experimental data, however the deviation from experiment is considerably

larger than the yield stress data, growing as the magnetic field strength approaches

300 mT, with a maximum error of 31%. At 32mT the error also spikes, though the
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Figure 2.14: Trendler and simulation shear stress vs. shear rate for a 33:67 number
density distribution
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Figure 2.15: Trendler and simulation shear stress vs. magnetic field for a 00:100
number density distribution. The shape of the trend is comparable, though the
simulated shear stress droops in the middle compared to the experimental data
from Trendler and Bose. The deviation from experimental is also large near zero,
though the magnitude of the shear stress is very low at low fields.

magnitude of the shear stress is very low at that point, therefore, small deviations
in the magnetic forces on the particle raft can create large errors in the simulated
shear stress (fig. 2.15).

To examine the sensitivity of the simulated shear stresses to the contact force
model we ran simulations without some of the contact forces enabled. These simu-

lations were run using a 00:100 mixture with a number density particle distribution
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Figure 2.16: 00:100 Number density distribution simulations run with various model
forces neglected. Neglecting rolling resistance or or using a monodisperse particle
distribution resulted in reduced yield stress and some morphological differences in
the shape of the shear rate/stress curve. Removing cohesion or using a stationary
background fluid (though still including Stoke’s drag) produced slightly increased
shear stress but remained very similar morphologically to the full force simulations.

and were all run using the same initial particle packing seed. Eliminating the rolling
resistance caused the largest reduction in shear stress of any of the forces and re-
sulted in a less smooth roll-off at low shear rates. Using a monodisperse mixture
resulted in a high initial shear stress that dropped off quickly. Simulations run using
a stationary background fluid with Stoke’s drag had slightly increased shear stress,
as did simulations run without cohesion (fig. 2.16). The closest match to the experi-
mental data came from the simulations with all the forces considered, demonstrating

the importance of maintaining a high fidelity contact model in MRF simulations.

2.4.3 Computational Costs

Simulations for the 00:100 mixture with 250 pm cube shear cells were run on
the Deep Thought 2 High Performance computing cluster at University of Maryland

consisting of dual Intel E5-2680v2 processors and 128GB of 1866 MHz DDR3 memory
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per node. The number density distributions simulations were run with 18 cores
on a single node. The simulations used approximately 15MB of RAM per core
and took 4.64ms per timestep with about 12k particles. The average number of
neighbors used to calculate magnetic interactions, per particle, using a neighbor
length of 8ym plus the radii of the particles being evaluated as neighbors, was
approximately 100. The monodisperse 6.7 um particle simulations were also run on
18 cores, using approximately 29MB of RAM per core, and took 3.90 ms per timestep
with approximately 30,000 particles. Despite the larger particle counts, the absence
of smaller particles resulted in only 25 neighbors per particle with which to calculate
magnetic interactions. Volume density distribution simulations are considerably
more computationally intensive because of the larger number of small particles in
the simulation. The volume density simulations ran on 60 cores on three nodes and
used 17MB of memory per core taking 31 ms per timestep to run the simulations
with ~60,000 particles. On average, approximately 500 neighbors per particle were
used to calculate magnetic interactions. Double sized shear cell simulations with
number density distributions were run on a standalone workstation with dual Intel
E5-2699V4 processors and 128GB of 2400MHz DDR4 RAM. The simulations used
27 cores and 17MB of RAM per core, taking 30.1 ms per timestep with ~93,000
particles. An average of 100 neighbors per particle were used for magnetic interaction
calculations.

Simulations for the 33:67 mixture were run on the standalone workstation.
The number distribution used 40 cores and 33MB per core for a runtime of 72 ms
per timestep with 200,000 particles. On average, approximately 220 neighbors
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per particle were used for magnetic interactions. For the volume distribution, the
neighbor length was required to be shortened to 2 pm plus the radii of the particles
to prevent neighbor list overflows. On 40 cores, 80MB per core were used, taking
1152 ms per timestep to run the simulation with ~910,000 particles and an average
of approximately 300 neighbors per particle. Due to the computational resources
required for the volume distribution, the simulation was only run for a single shear
rate to observe the morphology of the structures and to analyze how that shear stress

compared to the values for the same shear with a number density distribution.

2.5 Conclusion

Including realistic contact forces and particle size distributions has allowed
us to accurately model magnetorheological fluids with higher fidelity than previous
efforts. We have identified qualitative differences in the behavior of MRF com-
posed of a distribution of particle sizes compared to the behavior of more uniformly
sized mixtures, such as the resistance to the formation of sheets, lack of crystalline
structures, and the reorganization of particle chains under shear. We have also
captured the yield stress enhancement effect of MRF composed of bidisperse mix-
tures of particles. The tradeoff to the high-fidelity model is the potential for much
higher computation times in the case of particle volume size distributions which
contain many, much smaller particles, increasing the total particle number and the
number of close neighbors included in magnetic interaction computations. For the

33:67 mixture, considerably more computing resources would need to be devoted
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to get data for volume distributions. Despite the computational limitations, the
increased fidelity improves our understanding of the microstructures and behav-
iors of magnetorheological fluids, some of which are contrary to results obtained
from uniform particle sizes. Furthermore, the LIGGGHTS base code allows for the
implementation of arbitrary MRF mixtures, allowing for rapid evaluation of new
formulations. We've also matched experimental data for bulk properties of MR flu-
ids, providing high confidence validation of the magnetic model and its integration
with the LIGGGHTS framework. Additionally, the model has been used to sim-
ulate non-standard MRF operation modes. The behavior of an electropermanent
magnet-based jamming, magnetorheological valve was replicated using LIGGGHTS
simulations with the same magnetic model as was used in this work. [101].

Due to the use of the LIGGGHTS open source framework, it is possible to eas-
ily integrate new force models into simulations, creating a magnetic, granular simu-
lation testbed, including a coupled fluid model using the supported CFDEM frame-
work which integrates LIGGGHTS with OpenFoam. In keeping with the open source
nature of LIGGGHTS the source code, for our magnetic interaction model, will be

released for public use at https://github.com/TJLeps/LIGGGHTSwMAGNETICS.
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Chapter 3: Design and Simulation of a Jamming Magnetorheological

Valve

This chapter contains material published in: T. Leps, P.E. Glick, D Ruffatto
ITI, A Parness, M T Tolley, and C Hartzell. A Low-Power, Jamming, Magnetorhe-
ological Valve using Electropermanent Magnets Suitable for Distributed Control in

Soft Robots. Smart Materials and Structures, 29(10):105025, Sep 2020. [101]

3.1 Introduction

3.1.1 MRF Valves

Magnetorheological fluid (MRF) is an attractive working fluid for a number
of applications due to the ability to modify its rheological properties rapidly, in-situ
using a magnetic field [26]. MRF is comprised of two primary components: iron
particles and a carrier fluid such as mineral oil or silicone oil. Optional additives
such as surfactants and detergents can also be added to enhance MRF properties
[65]. With no magnetic field applied, the iron particles remain in suspension and flow
past each other, with minimal interference, allowing the fluid to flow, behaving as a

slightly shear thinning liquid. When a magnetic field is applied, the iron particles
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align to the field and form chains, which resist flow. In the magnetized state, MRF
can be modeled as a Bingham plastic[102], solid up to a critical yield shear stress
and flowing like a fluid above that yield stress (Figure 3.1c). Previous works have
used MRF for variable stiffness devices, shock absorption, and even robotic grasping

and climbing [103, 104, 105].

‘lllll\ }lllll\

Traditional (b) Jamming MRF
MRF valve valve

Shear Stress 7

Strain Rate

(c) Magnetorheological fluid stress strain
curve, modeled as a Bingham plastic, with
no flow below 7, [102].

Figure 3.1: A traditional MRF valve (a), forms chains across the magnetic field,
which need to be broken to flow, resulting in a Bingham Plastic behavior (c), stable
below and flowing above a critical yield strength. A jamming valve (b) forms stable
arches across a restriction under pressure. Increasing pressure further jams and
stabilizes the structure.

The yield stress of MRF increases with magnetic field strength until satura-
tion, at which point increasing the magnetic field does not significantly increase
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the yield stress. The maximum yield stress for MRF is ~100kPa, at saturation of
~700—1000mT [26, 64, 65]. For typical MRF valve designs, when the magnetic
field is turned on, the flow will be stopped at pressures below and will begin to flow
at pressures above the yield stress, 7,, times the effective length, L, divided by the

effective diameter of the valve, d [71].

Ty L

Pflow ~ 7 (31)

The maximum holding pressure for an MRF valve based on this yield stress
is therefore limited to about ~100 kPa of pressure in a compact valve with length
on the same order as width, and requires a strong magnetic field to realize these
pressures.

A different mode of operation, Magnetic Gradient Pinch (MGP) valves, are
able to hold much higher pressures for a given magnetic field and valve size [70].
They operate by taking advantage of the granular nature of the MRF rather than the
bulk properties. A strong magnetic gradient near the walls of the valve attracts iron
particles, causing them to clump against the wall, reducing the effective diameter
of the valve. Granular flows, such as in an MRF, are subject to a behavior known
as jamming when they flow through a constriction [106]. When a suspension jams
in a constriction, the particles form a stable dome across the passage, mechanically
stopping the flow of the grains and carrier fluid (Figure 3.1). In most applications
jamming is avoided, as it can lead to irreversible stoppages. However with MRF,

due to the variable effective diameter and cohesion in an MGP valve, it is possible to
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design a valve around the formation of jams that can be induced and reliably reversed
by the addition and removal of a magnetic field [70]. When the effective constriction
diameter is a small multiple of the grain diameter, a jamming transition occurs.
Once jammed, the valve can hold an extremely high pressure, up to 20000 kPa, as
the jam is stabilized with increasing pressure. Using larger, e.g. 100 pm, particles
in MGP valves, rather than the more typical 11m-10 pm particles, encourages the
jamming behavior by reducing the width of the orifice relative to grain size [70].

Current MRF valve designs require on the order of one amp of current to ac-
tuate using an electromagnet. This results in ~ 1 W — 100 W of power in order to
maintain their state, using conventional electromagnets [70, 75]. The bulk of the
coils and cores required to maintain the field, combined with the power dissipation
required to prevent overheating make MRF valves too large for many applications.
Furthermore, the continuous power consumption of MRF valves requires increased
energy storage for mobile applications. Due to their large size and power require-
ments, MRF valves have been limited to use in large structures and machines, such
as the automotive industry [26, 65, 75]. Small scale, portable devices have not been
practical.

Gilpin and Knaian developed a novel electromagnet, an electropermanent mag-
net (EPM), for use in miniature robotic building blocks (“pebbles”) [79, 80]. These
magnets are able to switch between an “ON” state, with a strong external magnetic
field, and an “OFF” state, with no external field with a short duration current pulse.
The EPMs require no continuous power to maintain their state after being switched.

By replacing the electromagnets in a jamming MRF valve with an EPM, this work

48



miniaturizes MRF valves, shrinking them by an order of magnitude and reducing
their average power consumption (assuming a single actuation per second) by three

orders of magnitude (Figure 3.2).

Constriction

Figure 3.2: A small, low-power, magnetorheological valve. The electropermanent
magnet weighs only 0.476 g. The magnet is comprised of an alnico magnet wrapped
in copper wire, adjacent to a neodymium magnet, between two iron end caps. A
small circuit can drive several of the magnets, and it takes no power to hold the
OPEN or CLOSED state (top). This magnet can be placed around a constriction,
outside of the flow, to create a valve that holds more than 415 kPa. We use custom
fittings with internal constrictions for our valves (bottom).

3.1.2  Soft Robot Valving

Efforts to design soft robots with distributed valving have succeeded in pro-
ducing multi-segmented designs with novel behavior [107, 108, 109, 110]. Increas-
ing the number of independently controlled actuators in a soft robot can improve
dexterity, flexibility, and positional accuracy [111, 112, 113], yet many elastomeric
robots consist of only a few actuated degrees of freedom. Each fluidic actuator re-

quires additional infrastructure (tubing, power, valving, and control) to facilitate
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independent control. The complexity and size of this additional infrastructure has
prohibited the use of many (e.g. O(10) to O(100)) discrete actuators in a sin-
gle robot, limiting their use to relatively simple behaviors [114]. However, with
any un-tethered robot or when many valves are distributed along a robot, issues
such as mass, size, price, complexity, and power become paramount [115, 116, 117].
The range of existing approaches to valving illustrates this need, with actuators de-
signed using pressure-actuated soft membrane valves [118, 119, 120], electrorheologi-
cal fluid valves [121, 122, 123], and commercially available pneumatic solenoid valves
[108, 109]. Pressure driven valves require additional pressure lines for controlling
the valve. These valves can be multiplexed to drive a greater number of valves than
the number of control lines. However, these valves are difficult to distribute across
a soft robot and multiplexing alleviates but does not solve the issues introduced by
having to integrate large bundles of tubing lines into the robot [111]. Commercially
available pneumatic valves do not scale well due to size, power consumption, and
price [108, 109]. Electrorheological fluid valves are a compelling solution, but re-
quire high activation voltages (i.e. ~kVs), consume power continuously, and require
tight constrictions in their flow path that adversely effect fluid flow rate [124] (see
Table 3.1 for a comparative review). An ideal valve is small, simple to control, low
mass, low cost, and low power. MRF valves, miniaturized with EPMs, use a smart
material, similar to electrorheological fluid valves, but are able to operate at lower
voltages and with larger orifices. To the best of our knowledge, MRF valves have
not previously been explored for use in soft robots.

In this paper we introduce a low-power MRF valve, using electro-permanent
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Steady-State Maximum

: N 3 /
Valve Type Size (mm)  Vol. (mm?) Power (mW) Mass (g) Pressure (kPa)

Price (USD) Special Considerations

Magnetorheological with Requires use of

ele(?tropermanent magnet 4x4x6.5 104 0 0.476 > 415 7.32 MR fluid as working fluid
(this work)
Electropermanent Air . . . not ) . .
Valve [107] 38x38x7 10,108 0 5 30 approx. reported Does not fully arrest flow
Addressable Pneumatic o N . or not Pressure regulated, requires
Valve [118] Lx14x6 1,176 0 5 est. 35 approz. reported complicated control
Bistable Membrane [119] 27x27x34 24,786 0 8 est. 80 approx. not Pressure regulated
reported

Requires > 1 kV supply

Electrorheological Valve 30x10x10 3,000 not

. ; - o o < 1,000 <10 275 ) Requires use of
Soft, 3D Printed [121] approz. approz. reported ERF as working fluid
BRI . Requires > 1 kV supply
El‘;ljglé‘;‘fll‘c’g[lf;;]v‘“lvc 2.5%2.5%15 93.75 < 1,000 <10 1,000 ?f’for g Requies use of
St % ¢ ERF as working fluid
Latching
micro-solenoid valve 6x7x13 546 0 2.5 70 375
(Lee Company)[108]
Mini-solenoid valve 8x12x23 2,208 1,000 45 700 39

(Parker-Hannifin)[109]

Table 3.1: Review of several representative miniature valves used in soft robots.
Pressure regulated valves use another pressure source as the control input. Electri-
cally driven valves tend to be large and power hungry. The high-voltage supply and
constant power draw of Electrorheological Fluid (ERF) valves pose challenges that
are well addressed by our MRF valve. Not all sources cite the maximum pressure
that their valve can hold, and for these we use the highest value reported in the

paper.

magnet (EPM) actuation, as a valve for soft robots that can scale to many segments
effectively. Our valve should be suitable for other applications in which size and
power concerns prohibit traditional valves and MRF can be used as the working
fluid, such as bypass valves for MR dampers.

We begin by presenting the design and fabrication of an MR valve (Section 2),
discussing the EPM, use of constrictions, and choice of MRF. In Section 3 we present
the experimental design for testing the valves. Section 4 compares a large range of
independent variables to select working valves, then evaluates stopping pressure and
flow rates for the successful valve designs. Included is a demonstration of MR fluid
driving a soft robot, and the MRF valves providing control of independent actuators.

We follow with a discussion of the results and practical considerations (Section 5)
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and a conclusion (Section 6).

3.2 Design of a Magnetorheological Valve

3.2.1 Magnetorheological Fluid

The choice of the carrier fluid will determine the viscosity, thermal properties,
and conductivity of the MRF. If the carrier fluid is too inviscid, the iron will quickly
settle out of suspension. If the carrier fluid is too viscous, the flow rate will be
unacceptably low. For this application, thermal and electrical properties are not
relevant, so we used mineral oil as our carrier fluid due to its advantageous viscosity
characteristics and low cost.

Jamming behavior is appealing in our application as we do not require flow
modulation and it results in a smaller magnetic field density requirement for a given
holding-pressure, allowing us to use smaller magnets, and to hold higher pressures
than we would be able to with a shear valve. In addition to a more traditional
10 pm iron powder, a coarser, 325 mesh iron powder (corresponding to a maximum
particle diameter of 44 um) is used to encourage jamming.

Increasing either the volume percentage or the size of the iron particles in-
creases the yield stress, fluid viscosity, probability of jamming, and magnetic per-
meability of the MRF. A successful MRF valve requires a fluid that jams consistently,
unjams reliably, and maintains a sufficient flow rate for robot actuation. We test
several mass percentages and particle sizes to experimentally select between these

variables. Furthermore, additives may be used to change the magnetorheological be-
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havior, such as the the off-state viscosity, and settling time of the fluid. Surfactants,
such as oleic acid (used in this work), act to disperse iron particles by attaching
to the grains at the hydrophilic end of the molecule, while pulling the grains into
suspension with the lipophilic end. The result is that even a very small volume
fraction of oleic acid drastically reduces the unmagnetized viscosity for a given iron

fraction.

3.2.2 Electro-permanent Magnet

We fabricated our EPMs similar to those presented by Gilpin et. al. and
by Knaian [79, 80]. EPMs have a permanent neodymium magnet adjacent to an
aluminum-nickel-cobalt (alnico) magnet sandwiched between two iron end caps. The
alnico magnet is wrapped in thin gauge wire and connected to an H-bridge circuit
that can drive current in either direction through the wire (Figure 3.2). The alnico
magnet has a much lower coercivity than the neodymium magnet, allowing it to be
magnetized by a short current pulse, while the neodymium magnet is unaffected.
The remnant field for alnico 5 and N42 neodymium magnets are very similar ~ 1.3 T,
so when fully magnetized, the two magnets are roughly equal strength. If the alnico
magnet is magnetized parallel to the neodymium magnet, their field lines both exit
the magnets through the north poles, travel up into the iron end cap, then down
to the other end cap and up into the south pole of the magnets. When the alnico
magnet is magnetized anti-parallel to the neodymium magnet, the field lines travel

up from the north pole of the neodymium magnet, into the iron end, then back
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down through the south pole of the alnico magnet, into the other end cap, and back
into the neodymium magnet. The field lines don’t escape from the end caps, and
so there are no external magnetic fields (Figure 3.3). The alnico magnets in our
work are wrapped in 80 turns of 42 gauge magnet wire. The alnico and neodymium
magnet, both 1.6x1.6x3.2mm, are sandwiched between iron end caps, adjacent to
each other, and bonded with cyano-acrylate adhesive. Excluding the control circuit,
the EPM is 4x4x6mm, 0.476 ¢, and costs $7.32 USD per device at quantity 100

(Figure 3.2). Switching the state of the alnico magnet is done through a 100 s

pulse, which has a maximum power of ~ 150 W and uses ~ 10 mJ of energy.

L) 4

VVVVVVVVVVVVV

magnet
magnet

(a) Unenergized (b) On (c) Off

Figure 3.3: The behavior of an electropermanent magnet. The neodymium mag-
net has a permanent orientation. However, the alnico can be magnetized via a
short burst of current to have its field either aligned with (b) or opposed to (¢) the
neodymium magnet. By realigning the alnico magnet, the EPM can be switched
to either have a strong external magnetic field (b) or a negligible external magnetic
field (c¢), and will hold this state with no quiescent power draw.

3.2.3 Magnet bracket design

A primary design goal is to minimize the size of the magnet. A smaller magnet

reduces the valve size, allowing for more compact and softer robots. It also requires
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less energy to actuate a smaller magnet [80]. The energy for actuation is stored lo-
cally on the control board, in a capacitor, therefore reducing the energy requirement
also reduces the capacitor and control board size. However, with a small magnet
it is imperative to make efficient use of the magnetic field density to sufficiently
magnetize the iron in the MR fluid. Magnetic fields can be analyzed much like an
electric circuit, due to the zero divergence property, where field lines flow between
the north and south poles like current in an electric circuit. The field will tend to
concentrate between areas of low magnetic reluctance (i.e. shorter distances and
materials with higher magnetic permeability). Increasing the field density increases
the yield strength and jamming probability of the MRF.

The end caps on the EPM assembly guide the magnetic field lines to both
ensure an effective CLOSED state, and to maximize the field density in the active
fluid portion of the valve during the OPEN state. Figure 3.4 shows three possible
magnetic circuit designs. Configuration A is an inefficient use of the magnetic field,
as many field lines flow from N to S without being guided through the MR fluid
inside of the tubing and failed to achieve meaningful results prior to formal lab
testing. Both configuration B and C were fabricated and tested. Both use mild
steel brackets bonded to the ends of the EPM. Configuration B uses straight iron
brackets extending out to the center of the fluid flow. This method is well suited for
thin walled tubing where the MR fluid is close to the iron brackets, providing a high
permeability path for the field lines to follow, and preventing leakage through the
air. Configuration C has a cutout in the brackets, away from the active fluid area,

to increase the reluctance through the airgap, encouraging field lines to concentrate
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Magnetic Core

&

MRF Tubing

(a) Unguided (b) Rectangular  (c) Curved

Figure 3.4: Three possible magnetic circuit designs, with magnetic cores in red and
blue, the end caps in dark grey and the valves in light grey. Unguided magnets (a)
have flat plate iron ends with the same cross-section as the magnets. Rectangular
brackets (b) and curved brackets (¢) have iron end caps which overhang the magnets.
Rectangular end caps have constant reluctance across the airgap until the MRF is
present. Curved end caps have a cutout at the base to increase reluctance in inactive
area. Both curved and rectangular brackets provided enough field for a functional
valve. With our concentration of iron particles, tubing thickness, and constriction
size, rectangular brackets outperformed curved brackets.

inside the MRF in the valve. However, the curved brackets can result in some field
leakage out of the active region, in the case of a very low reluctance in the tubing,
due to saturation of the smaller cross sectional area of iron at the tips.

We used a wire electric discharge machining process to create the mild-steel
brackets due to their small size and flatness requirements for the contact with the
magnet ends. This is one of the most expensive components due to the manufac-
turing process at $6.30 per pair, accounting for 86% of the cost of one complete
valve. Given the similar results between the flat and curved brackets (Figures 3.10a
and 3.10b), most applications will be satisfied with just the flat brackets which can

be fabricated at a lower cost using a laser cutting process.
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3.2.4 Control Circuit

The control board is dual layered and populated using SMT components for
space savings. A strain-relief cable (Yellow Spectra thread) is bonded between the
EPM assembly and control circuit to protect the fragile magnet wire during testing.
Our prototype control circuit switches a single magnet per board and consists of an
H-bridge, a large tank capacitor, two gate drive BJTs, an AT Tiny13 microcontroller,
a voltage regulator, and a tactile switch, which, including the board, cost $6.73
(Figure 3.5). The board is 22x22x6mm. The largest individual component is
the capacitor C1 (Board top right Figure 3.2), which stores the energy required to
switch the EPM on the board, allowing for thinner gauge wires to supply power to
the board and charge the capacitor with a low current. The next largest component
is the tactile switch (Board bottom left Figure 3.2), which is only necessary on the

prototype boards for manual actuation.
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Figure 3.5: Circuit diagram for the prototype control board used during our valve
experiments and implementation into a soft robot.

A benefit of the EPM valve design is that switching the state of the magnet

is several orders of magnitude faster than the actuation rate of the robot, and so
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a single capacitor and microcontroller can be used to switch multiple magnets. By
replacing the H-bridge with a half bridge for each magnet and completing the circuit
with a common half bridge we can reduce the board size, per magnet, considerably.
The boards can also be remotely controlled through software, eliminating the tac-
tile switch. The next generation boards (Figure 3.6), taking advantage of these
optimizations, allow for controlling 5 EPMs with a board approximately half the
size of the manually controlled prototype boards (Figure 3.2). Using one-wire serial
communication over the power lines, we can control and power all of the boards
using only two low current conductors, simplifying the design and assembly of the

actuators.

Figure 3.6: Miniaturized, second generation control board, which actuates up to five
independent electropermanent magnets and is controlled via serial communication
while taking up only 0.25in?.

3.2.5 Constrictions

For both non-jamming and jamming valves, the geometry of the passage can
affect the performance of the valve. In the case of a yielding valve, a constriction in
the valve prevents the fluid from sliding along the non-magnetic walls of the passage,
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reducing the holding pressure, instead creating a plug of solidified material that must
yield through the constriction in order to flow. The jamming probability /time to
jam is a function of the ratio of constriction diameter to particle diameter. With
no applied magnetic field, jams typically only spontaneously occur when constric-
tions are less than around 5x the diameter of the particles [106]. The magnetic
field interaction with the MRF reduces the effective diameter of the constriction,
while also increasing the cohesion of the grains, allowing jams to occur with larger
constriction diameters [70]. An ideal valve will have the maximum constriction di-
ameter that still allows for induced jamming, ensuring that the jam will clear when
the magnet is turned off, and improving the OPEN flow rate. The constrictions
were 3D printed (FormLabs) and are sized to have circular openings of 20, 30, and
40 times the maximum diameter of the largest 325 mesh iron particles (0.88, 1.32,
1.76 mm respectively) and a tapering constriction cross-section (Figure 3.7). We
confirmed the aperture size using pin gauges as there is some inherent inaccuracy
with printing, and only performed tests with valves that were within 0.05 mm of the

nominal size.

3.3 Experimental Methods

MRF was supplied using a pneumatic syringe dispenser (Loctite) to pressurize
a syringe full of MRF, measuring the pressure with a high resolution gauge (Winters)
for all tests below 100 kPa and the built-in pressure gauge for higher pressures. We

ran a tube from the syringe to the EP valve, and then another tube from the
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Figure 3.7: A cross-section of the 30x constriction throat showing the constriction
geometry.

valve to a receptacle container. All tubes were rigidly fixed to a backing board
to prevent shaking of the valve during operation. As the results are sensitive to
small concentrations of additives, we cleaned any constrictions and tubing between
different fluids with pure mineral oil. Tubing lengths were kept constant for all trials
and between all tests so any variation in the head-loss due to tubing is minimized.

We conducted three primary experiments. The first test was a broad survey
of different bracket, constriction, and fluid types. With a pressure regulator held
at 105 kPa we set the valve to CLOSED, applied pressure and observed if the valve
blocked flow. We then set the valve to OPEN and observed if flow resumed. We
took three trials, and a single failure to jam or failure to resume flow resulted in a
“fail”. Results for this experiment are in Table 3.2. This test was used to find a
working set of valves and fluids.

Using a subset of successful fluid and valve combinations from the first ex-

periment, we performed a second experiment to assess the ability of the valves to
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arrest flow in a valve which was already pressurized for several different supply line
pressures. We set the pressure and began flow with the valve OPEN, then set the
valve to CLOSED. We checked whether the valve jammed, and measured time un-
til flow ceased, taking 3 trials for each fluid and pressure. Due to the viscosity
of the material and manual measurement approach, values under one second were
indistinguishable (Figure 3.8).

In the third test, we selected a pressure and set the valve to OPEN, then mea-
sured the mass flow rate of the fluid over a 30 second period. Using the density of
each fluid, we calculated volume flow rate in milliliters per second. Results are time
averaged based on the test approach, and we calculate error margin analytically
based on error in timing and accuracy of the scale (Figure 3.9). OPEN state vis-
cosity combined with CLOSED state holding pressure, and robot actuation volume,

determine the actuation rate of a joint.

3.4 Results

3.4.1 Evaluating across multiple independent variables

There are a large number of potential independent variables in an MRF valve
such as the mass percentage of iron (Fe) relative to mineral oil (MO), presence of
oleic acid (OA), constriction size, end cap shape, and iron particle size. However,
much of the data is best measured in a binary test; either the valve works (reliably
jamming then returning to flow) or it does not. We created 6 fluids and tested each

at 105 kPa as described in Section 3.3 with results in Table 3.2.
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Composition (Volume %) 20 (088 mm) | 30x (132 mm) | 40x (176 mm)
constriction constriction constriction
Mix 1: 28.6 Fe, 70 MO, 1.3 OA Fail-No Jam Fail-No Jam Fail-No Jam
Mix 2: 34.5 Fe, 64.2 MO, 1.3 OA Success Success Fail-No Jam
Mix 3: 45 Fe, 53.7 MO, 1.3 OA Success Success Fail-No Jam
Mix 4: | 45 10 pm Fe, 53.7 MO, 1.3 OA | Fail-No Jam Fail-No Jam Fail-No Jam
Mix 5: 28.6 Fe, 71.4 MO Fail-Irreversible Fail-No Jam Fail-No Jam
Mix 6: 34.5 Fe, 65.5 MO Fail-Irreversible | Fail-Irreversible Success

Table 3.2: Valve behavior for various MRF types. We first varied iron (Fe) and
mineral oil (MO) concentration in Mix 1,2, and 3 while keeping the iron size (325
mesh) constant, and tested all three on each constriction size. We also test an MRF
(Mix 4) that has the same mass percent of iron as Mix 3, but uses 10 micron sized

iron particles to compare how iron size effects jamming. Mix 5 and 6 do not have
oleic acid (OA). We set the valve to CLOSED, then applied 105kPa of pressure,
then set the valve to OPEN. If the valve did not jam it receives “Fail-No Jam” and
if the jam did not reverse to allow flow then it receives “Fail-Irreversible”. All trials
taken using curved iron brackets, and Fe is 325 mesh unless specified.

Mix 5 and 6 highlight the importance of oleic acid; without it the mixtures
were unsuitable for use. Mix 5 showed no successful tests and Mix 6 did not resume
flow with the valve set to open at both 20x and 30X constriction sizes (which was
not observed in any Mixes with oleic acid). Similarly, Mix 1 and Mix 5 showed that
a mass percentage of iron below 30% is too low for jamming; at all constriction sizes
these fluids failed.

In Mix 4, we used a single iron particle size (10 pm), while all other mixes were
made with a polydisperse, 325 mesh, corresponding to particles up to 45pum. The
monodisperse, 10 pm fluid performed poorly and did not jam. The larger particles
and polydisperse distribution of the particles promoted jamming by increasing the
maximum packing density of the material, increasing the bulk magnetic permeabil-
ity, and, when the path is a small multiple of the particle diameter, provide lower
permeability paths, with fewer junctions, for the magnetic field to pass through.

Polydisperse particles were able to form more stable configurations because they

62



have a higher number of average contact points for the larger grains [125]. Both
Mix 2 and Mix 3 worked with the largest range of constrictions, with the only varia-
tion being the mass percentage of iron. These mixes were selected for further study

to better characterize differences in the fluids (Figures 3.8 and 3.9).

3.4.2 Assessing performance and reliability
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Figure 3.8: Time to arrest flow as a function of fluid pressure for several mixtures
and orifice sizes (see Table 3.2 for details). As the pressure and orifice size goes
up, the time to arrest flow also increases and the valve ultimately fails to jam. The
legend states the mix, bracket type, and constriction (e.g. M2.20x is Mixture 2
with the 20x constriction). The brackets are curved unless specified as rectangular
(rect.). Horizontal lines specify where the data is no longer continuous. Below the
bottom line, all trials jammed within our margin of error. Above the top horizontal
line, the valve did not arrest flow so the time to jam is not applicable.

We used a range of pressures to look at Mix 2 across all constrictions. We also
tested Mix 3 across a range of pressures, with the 30x constriction, and both rect-
angular and curved brackets (Figure 3.8). The 40x constriction failed to jam in all
but the highest concentration MRF (Mix 6) while both the 20x and 30X constric-
tions jammed reliably with Mix 2 and Mix 3, though the 20x constriction jammed

more quickly than the 30x. The higher iron MRF (Mix 3) jammed more reliably.
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Figure 3.9: Flow rate as a function of pressure for several mixtures and constriction
sizes. As iron concentration goes up, flow rate drops. The legend states the mix
and constriction (e.g. M2.20x is Mixture 2 with the 20x constriction).

The valve with flat brackets outperformed the valve with curved brackets. This
was unexpected, as we believed there would be more leakage of the magnetic field
through the inactive area with the flat end caps, due to lower reluctance between
the end caps, which would result in a lower field strength in the MRF cross-section.
Because we use a thin walled constriction and 325 mesh iron particles which have
a high permeability, the reluctance through the magnetic circuit that includes the
MRF' is much smaller than the reluctance through the air, even with the rectan-
gular end caps, which makes any field leakage outside the MRF negligible. This is
validated by our FEA analysis in Section 3.4.3.

In selecting a valve for a particular application, flow rate becomes an important
consideration. We investigated five fluids for flow rate properties (Figure 3.9). As
expected, Mix 6 without OA performed very poorly. Mix 2 outperformed Mix 3 as
lower mass percentages of iron will lead to lower viscosity. As expected, a wider
constriction leads to faster flow rate. Figures 3.8 and 3.9 can be used together to

select a combination that jams at a desired pressure with the highest flow rate.
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Once a valve was jammed, the pressure could be raised to the maximum toler-
able by the supply tube (more than 405 kPa) without spontaneously unjamming, as
long as the magnetic field was maintained, and still unjam after the magnetic field

was removed.

3.4.3 EP Magnet Modelling

The end cap designs were analyzed, using FEA, in ANSYS Maxwell 3d (Fig-
ure 3.10). The end caps were made of soft iron, remnant fields in the alnico and
neodymium magnets were fixed at 1350 mT, and the permeability of the magne-
torheological fluid was considered to be linear and equal to 10. We found that the
end cap design had a relatively small effect on the mean magnetic field, inside the
valve active area, for the valve geometries investigated experimentally (Figures 3.10a
and 3.10b). The rectangular end-caps had the largest resultant magnetic field, in-
side the active area, with a mean field of 229.4 mT, while the curved brackets had a
mean field of 222.8 mT. This matched our experimental results where the rectangu-
lar bracket slightly outperformed the curved bracket. We also checked the off-state
external magnetic fields to see if they were having an effect on the unjamming be-
havior of the valves (Figure 3.10c). We found that the magnetic field in the inactive
area was a negligible 0.066 mT, which is on the order of the Earth’s surface field.
To test the effect of incomplete magnetization of the alnico magnet in the off-state,
we reduced the alnico remnant field to 1250 mT. The resultant field, in the active

area, was 4.3 m'T, which is comparable to a flexible refrigerator magnet. This is ap-
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proaching the level that could have some effect on the valve performance, however
in experiment, we were able to remove the magnet completely from an irreversibly

jammed valve without the flow resuming.
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Figure 3.10: FEA analysis of magnetic fields in the MR Valves for tested (a) rect-
angular and (b) curved end-cap designs, (¢) the rectangular end cap in its off state,
and two new possible designs, (d) unchamfered and (e) with inserts. Rectangu-
lar, curved and unchamfered end-caps produce similar magnetic fields, though the
rectangular end cap does have a slightly stronger field than both unchamfered and
curved designs and slightly outperformed curved in experiments. The insert design
dramatically increases the field strength in the active area.

Using the FEA model, we are able to examine some new end-cap geome-
tries. The end-cap shape seemed loosely coupled to field strength, so we checked
the effect of removing the chamfered edges (Figure 3.10d). The resultant magnetic

field was only slightly degraded, with a mean field of 224.5mT, however this allows

for simplified manufacturing, requiring only a waterjet or laser cutter to cut caps
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from flat stock, rather than the specialized, wirefeed electric discharge machining
manufacturing of the more complex end-caps. Looking at the field for these three
end-cap designs, it can be seen that a considerable amount of field leakage is oc-
curring around the active area. To mitigate the leakage we tested another design
which has iron inserts in the valve body to bridge the gap between the end-caps and
the MRF (Figure 3.10e). Adding inserts to reduce the reluctance in the magnetic
circuit resulted in an increase in the average field of the active area by a factor of

2.5 to 557.8 mT.

3.4.4 Valve Simulation

Because of the many variables, expense of building new valves designs, and
time consuming experimental testing process, we created a simulation framework for
testing possible valve design revisions. We used a magnetic module we added into
LIGGGHTS, an open source Soft Sphere DEM (SSDEM) software [51]. The mag-
netic module was developed for simulation of MRF in an MRF based soft gripper
[104]. The simulation works by summing the forces on, and integrating the equa-
tions of motion for, each individual iron grain in the system. The particles interact
with each other, through direct contact and magnetic interactions, with a fixed
background magnetic field, fixed walls, and a constant background fluid flow field
through stokes drag. The magnetic induction of the particles is done through the
mutual dipole method, which iteratively calculates the dipole moment on a particle

by summing the contribution from the background field, and all its close neighbors.
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Then after all the dipoles are calculated, the process is repeated with the previous
iteration’s particle dipoles.

The simulations were initialized with a particle size distribution of 44% 44 pm,
35% 38.9num, 24.2% 33.8pm, 13.2% 28.7um, 5.6% 23.6 pm by mass, and a total
volume percentage of 34.5%, inside of 20x, 30x and 40x constrictions. Particles
had a Young’s modulus of 1 GPa, rather than the true value of 200 GPa, in order to
maintain reasonable time step sizes (20ns). It has been shown that the behavior of
granular media, in simulations, is not strongly affected by reducing Young’s modulus
above 0.1% of the actual value [100]. The coefficient of friction was set to 0.4.
The background fluid had a dynamic viscosity of 0.16 Pas and a velocity profile
of 0.273m/s inside the constriction diameter, linearly decreasing to 0m/s between
the constriction diameter and the valve body’s inside diameter. Coupled with the
number of particles in the system and the flow velocity, the viscosity created a
force on an arrested flow approximately equal to the force generated by 100 kPa of
pressure acting on the system. In a volume immediately inside the constriction, the
flow velocity is increased by a factor equal to the ratio of the valve and constriction
diameters squared (Figure 3.11a). The particles were allowed to flow for 1ms with
no magnetic field. After the flow was established, a magnetic field, B =230 mTz,
was applied across the valve, and the system was allowed to run until it jammed, or
until a steady flow rate developed.

The simulation recreated the experimental behavior of Mix 2, arresting flow
in the case of the 20x and 30x constrictions, but failing to arrest flow in the case of

the 40x constriction. Examining the connectedness of the particles (Figure 3.11b),
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it can be seen that the particles in the arrested flows appear to be forming an arch
across the gap, with a lens of particles (red), immediately between the constriction,
disconnected from the bulk of the particles (blue). In the 40X constriction, in which
the flow is never arrested, on the other hand, there are no discernible patterns
to the connectedness, mostly consisting of relatively small, similarly sized clumps

(Figure 3.11c).

0 m/s

(b) Jammed 30x con- (¢) Unjammed 40x
str. constr.

(a) Tnitialized valve (d) Unjammed 10 pm particle valve

Figure 3.11: (a) The initialized, unmagnetized, 30x constriction with a 44 pum grain
distribution, and background flow field, colored by particle speed. (b&c) The mag-
netized valves with a 44 pm grain distribution and a 230 mT magnetic field applied.
The coloring shows connected groups. (b) The 30x constriction shows a large con-
nected cluster (blue), and several disconnected clusters (red), including a discon-
nected lens between the constriction, demonstrating the jamming behavior (note:
for clarity, the largest cluster is shown in blue, while all smaller clusters are shown
in red). The flow is fully arrested. (¢) The 40x constriction has a patchwork of
bunched particles with no discernible pattern in the clusters. The flow is not ar-
rested. (d) The unjammed, 30x valve, with a 10 pm particle distribution, colored
by particle speed. The grain chains yield through the valve, bowing downwards.
Flow is not arrested.
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The simulation was repeated with a particle size distribution of 44% 10 pm,
35% 9.49 um, 24.2% 8.98 pm, 13.2% 8.47 pm, 5.6% 7.96 pm by mass, a total volume
percentage of 34.5%, and the same diameter constriction as in the 30x valve. The
simulation was otherwise equivalent, though the valve was shortened in the direction
of flow, due to the increased number of particles, to improve computation time and
the time step was reduced to 5ns due to smaller particle diameters. As with our
experimental results, the 10 pm mixture failed to jam, and instead yielded through
the constriction with no jamming behavior whatsoever (Figure 3.11d). This further
strengthens the evidence that jamming behavior is observed in the 20x and 30X
constriction, as the yield strength of an MRF is not strongly dependent on the grain
size, however the larger grains do not yield through the constriction, despite having

equal shear stress across the valve.

3.4.5 Demonstration in a soft robot

We constructed a two segment soft robot, where each segment is comprised of
two antagonistic actuators (for a complete hydraulic circuit see fig. 3.12). The actu-
ators had an internal volume of 10.8 cm?3, weighed 17.8 ¢ when empty, and weighed
43.42 g when full of Mix 3 (Table 3.2) in the unactuated (straight) state. We printed
our soft actuators using a SLA printer (Carbon3D, Sil-30) then assembled four ac-
tuators into a single continuum, bonding the actuators with an adhesive (SilPoxy).
Each segment can bend 180 deg in either direction when actuated to 140 kPa using

air. However, due to the density of the MRF, the robot was not able to reach this
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full range of motion when actuated with MRF as it did not have enough torque to

counteract the weight of the fluid.

Legend
@ Gauge

Pressurized
Resevoir
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> [z
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actuator

Figure 3.12: The hydraulic circuit for the soft robot demonstrated in section 3.4.5.

We individually controlled two of the actuators in the robot using MRF valves,
showing unique shape generation (Figure 3.13). It took 250 seconds to fully pres-
surize an actuator. In our demonstration we only fill the actuators, however, due
to the symmetry of the valve, suction can be applied to the reservoir and deflation

controlled by the same fluid lines which control inflation.
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Figure 3.13: A demonstration using MRF to drive a 2 segment, 4 actuator soft
robotic appendage. With a 140 kPa pressure source applied we control individual
valves along the robot to change shape. It takes 250 seconds to pressurize these
large actuators volume.

3.5  Discussion

Low flow rate through the constriction is one of the biggest challenges of an
EPM based valve. Based on our FEA analysis of the electropermanent magnet
design, we expect the performance of the valves can be considerably improved by
adding paramagnetic inserts into the valve body in future work. The increased
resultant field should allow a larger constriction diameter in the valve, increasing
flow rate, while still reliably jamming. Furthermore, our model for the valve body
in LIGGGHTS, while successful at recreating the valve performance in its current
state, can be improved by adding fully resolved CFD-DEM coupling, which calcu-
lates both the fluid effects on the grains, as well as the grain effects on the fluid
[126]. This would improve the fidelity of simulations and enable further compu-
tational design optimization. Coupled with additive manufacturing techniques for
valve construction, an improved numerical framework should allow for quick and in-
expensive development of electropermanent valve systems for new applications and

design requirements.
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Some potential issues with the valve need to be considered in future work and
applications. First, the larger grains are more prone to settling. On the timescale of
our experiments, this was not a problem, however fluid left undisturbed for two days
required stirring to re-suspend particles. This is partially alleviated by surfactant
(oleic acid), and can be further addressed with a more viscous carrier fluid, though
this also affects flowrate. Second, MRF is a shear thinning fluid and the time to
jam or un-jam for a valve is not constant across pressures. As the shear stress on
the fluid increases, its viscosity is reduced and it flows faster (as observed with Mix
6, Figure 3.9). This non-constant behavior complicates control of the valve slightly.
Finally, physically working with the fluid can be a challenge. Any leaks or failure can
result in spillage that can contaminate surfaces, and damage sensitive electronics or
Sensors.

There are a few considerations for using MRF in soft robots, based on lessons
learned from this investigation. 1) Actuators with smaller volume, and small changes
in volume are well suited for MRF as not as much fluid is required to be transported.
2) Integrating the control circuit into the robot, and keeping tubing along a neutral
bending axis will minimize the effects of tubing and wiring. This is facilitated by
the actuator sitting outside the flow path, allowing flexibility in its implementation.
3) If the robot is designed with only short lengths of thin tubing branching from
a single supply tube, running along the neutral axis, a larger supply tube can be
used for a faster flow rate. As the equation for head loss along a cylindrical tube is
proportional to the radius raised to the fourth power (r?), a single wider tube will
outperform many narrow tubes used in parallel. Soft actuators with low torque will
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have a hard time reacting the mass of the MRF, and as such may be well suited for
applications where the robot’s effective weight is reduced, such as underwater or in
microgravity. The large mass and thermal mass of the MRF could also potentially
be used advantageously to dampen vibrations and sink heat away from other com-
ponents. Future work optimizing and analyzing the kinematics of the MRF actuated

soft robot is warranted to explore these topics.

3.6 Conclusions

We have presented a new valve construction that uses electropermanent mag-
nets to induce reversible jams in magnetorheological fluid, as well as a numerical
simulation framework for examining the valve behavior and designing new itera-
tions of the valve. These valves are able to arrest flows at pressures up to 180 kPa
and can hold over 415 kPa once jammed, while consuming zero steady state power
and minimal switching energy. By reducing the size and energy requirements, these
valves open a range of applications for magnetorheological fluids which were previ-
ously excluded by orders of magnitude of power and size limitations, particularly of
interest are miniature robots where active damping and hydraulic actuation would
have been previously impractical. We have also demonstrated that the valves are
well suited for distribution along a soft robot. This valve addresses the fundamental
challenges in controlling many lines of fluid pressure that have limited the number
of degrees of freedom that can be independently controlled in fluidic soft robots.

Using a small, low-mass, low-power, and economical valve, we demonstrated that a
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single line of pressurized fluid with distributed and independently controlled valves
can be used to drive a soft robot. With further integration efforts and improved
actuator designs, this fluid control approach could lead to feasible soft robot designs

with hundreds or thousands of independently controlled degrees of freedom.
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Chapter 4: Magnetic Asteroids

This chapter contains material which is pre-submission to Icarus for publica-

tion.

4.1 Introduction

The properties of small planetary bodies in the solar system are of significant
interest for understanding the formation and evolution of our solar system, and
for the planning of exploration, planetary defense, and In-Situ Resource Utilization
(ISRU) missions. Davis proposed that asteroids could be composed of loosely held
together ‘rubble piles” with little internal strength [82, 127]. Work by Richardson
et al. provided support for the idea that asteroids could be composed of rubble
piles [127]. Evidence from the breakup of comet P/2013 R3 indicated a rubble pile
with some internal cohesive strength [128]. To learn crucial details about asteroid
strength, structure, and composition, several missions have already been sent to
small bodies in our solar system. Hayabusa visited the the asteroid Itokawa and
found it to be composed of a mix of dust and boulders smaller than 10m in diameter
[84]. Hayabusa 2 and OSIRIS-REx confirmed similar, though less dusty structures

for asteroids Ryugu and Bennu [85, 86]. These missions have confirmed that some,
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if not many, asteroids are rubble piles, agglomerates of many small pieces, loosely
held together by gravity. Despite the evidence that asteroids largely consist of
rubble piles, several asteroids have been observed to spin faster than would be stable
through self-gravity of a non-cohesive rubble pile, implying some sort of internal
strength [83, 128].

To explain the fast rotators Holsapple showed that a small cohesive force,
friction, and rolling resistance, can account for the increased strength required to
maintain a stable structure at high rates of spin, beyond the point of purely grav-
itational stability [87]. Scheeres et. al. found the asteroid and constituent scales
at which the various forces — self-gravity, surface gravity, and cohesion — acting on
an asteroid dominate, showing that for some cases cohesion can provide most of the
strength of a cohesive rubble pile [89]. To better understand rubble pile structures,
granular models have been simulated using Discrete Element Method (DEM) to
examine formation and disruption of cohesive asteroids [31, 33].

Rubble pile asteroids can be disrupted through collisions which can both pro-
vide enough energy to directly break apart the asteroid, or through increasing the
angular velocities beyond the structural limit of the agglomerate. Additionally, the
YORP effect, a torque caused by differential heating and radiation from the surface
of an irregular asteroid, may cause asteroids to increase their angular velocity until
they are disrupted [83, 88, 129, 130]. The shape of the fragments created during
disruption provide a test for simulations of asteroid strength, with different asteroid
strength parameters resulting in different resultant shapes which can be compared
to existing shape models [31, 33].
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All asteroids visited by spacecraft to date have been S or C spectral type,
corresponding with ordinary and carbonaceous chondrites. M-type asteroids, in
contrast, have remained unvisited despite making up approximately 10% of the
asteroid belt [131], and being of interest for ISRU. Due to their similar spectral
profile to metallic meteorites, M-type asteroids are thought to be composed primarily
of nickel and iron [93, 94]. M-type asteroids are speculated to be formed from the
cores of protoplanets that had melted and differentiated dense metallic components
and lighter silicates, and were then broken apart and stripped of their silicates
through collisions in the early stages of planet formation [132]. This makes them
attractive targets for planetary science as well, providing a window into cores of
planets that are otherwise shrouded by rocky exteriors. Both nickel and iron are
ferromagnetic materials, with large magnetic susceptibilities (x) of greater than
100000 and 300 respectively. Nickel and Iron can have an induced magnetic dipole
in the presence of a magnetic field and maintain a permanent, remnant magnetic
dipole after an external field is removed. The Psyche mission, planned for a 2022
launch, will visit the M-type asteroid 16 Psyche, the third largest asteroid in the
solar system. This mission will provide the first detailed observations of an M-type
asteroid, giving further insight into their properties.

Magnetic fields have been detected around several rocky asteroids during close
approaches despite the low concentrations of magnetizeable material compared to
metallic asteroids. The Galileo spacecraft indirectly measured a possible magnetic
field around the asteroid Gaspra during a close approach [28]. The magnetic field

perturbation was attributed to the disruption of the solar wind by the asteroid’s
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magnetosphere. Also, a direct measurement was made by the Deep Space 1 (DS1)
spacecraft during its flyby of the asteroid Braille [29]. The magnetization of these
two asteroids was found to be 93 A/m and 110 A/m respectively [29]. These mag-
netizations also agree with those of magnetized chondrites discovered on earth [27].
The bulk dipole moment provides a lower bound on the magnetization of individual
grains. Any grains in the asteroid that are aligned opposite the bulk magnetization
would decrease the effective magnetization of the whole asteroid, requiring a higher
mean magnetization of the individual grains to create the same bulk magnetization.
Due to their higher proportion of magnetic material, and observed magnetization
in metallic meteorites, magnetic forces may influence the coalescence and morphol-
ogy of M-type asteroids. Similarly, the additional magnetic forces may influence
disruption of asteroids spun up by the YORP effect.

The recent visit to our solar system by the interstellar object 11/2017 Ul,
‘Oumuamua, raised several questions. It was found to have a very high aspect
ratio of 3.5-10:1, the formation of which is difficult to understand based on forces
conventionally considered for small bodies [97]. Zhang has shown it is possible to
create high aspect ratio objects during tidal disruption however [133]. Additionally,
‘Oumuamua had a large extra-gravitational acceleration as it approached perihelion.
This acceleration was stronger than would be expected for an asteroid or comet
with normal densities ~ 2 g/cm?® and the observational limits set on outgassing [98].
Gravity acts in a radially symmetric way that leads to spheroidal minimum energy
configurations. Similarly, cohesion acts symmetrically in all directions, leading to
a minimum energy in a closely packed spheroidal configuration. Magnetism, in
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contrast, acts heterogeneously. The force on a dipole m by an external magnetic
field B is given by eq. (4.1) and the field created by a dipole is given by eq. (4.2).
The maximum attractive force for magnetic dipoles is when they are aligned axially
in a chain, creating a large tensile strength. However, the same particles, when
placed next to each other, perpendicular to their dipole moments, will repel each
other. This asymmetric force may allow for low energy configurations which are
loosely packed and non spheroidal. Given ‘Oumuamua’s spectral signature, which
is consistent with M-type asteroids, magnetism may explain the low density and

aspect ratio.

F, = V(i - B) (4.1)
B(r) = Z—; {W - ?3} (4.2)

With magnetic fields strengths on the order of the fields around Braille and
Gaspra, magnetic effects may have an impact on the formation and shape of metallic
asteroids. We will investigate the effects of these magnetizations on the formation of
metallic asteroids using open source Soft Sphere Discrete Element Method software
modified to include magnetic forces and self gravity. Additionally, we will investigate
the evolution of magnetized asteroids through YORP effect spinup and surface mass

wasting.
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4.2 Coalescence

To examine the effect on asteroid formation of remnant magnetism, we sim-
ulated the formation of an iron rubble pile asteroid from a thermal cloud of iron

particles with remnant magnetizations.

4.2.1 Simulation

4.2.1.1 Contact Force Model

Our simulations were run on the open source DEM code LAMMPS [50].
LAMMPS uses a Soft Sphere DEM (SSDEM) model where particles are treated
as soft spheres that can interpenetrate each other with a restoring force modeled
as a spring-dashpot force. The particle-particle contact forces govern how particles
resist interpenetrating and rebound off each other in collisions. We use Hertzian
model contact forces, which treats the particles as an elastic material with a defined
Young’s modulus and Poisson ratio. Given two spherical particles with radii R;, R;,
masses m;, m;, Young’s modulus Y;, Y}, Poisson ratio v;, v;, and coefficient of restitu-
tion e, co-penetrating each other a distance An;;, with a normal component of their
relative velocities v, the normal force between particles is given by (eq. (4.3)). The
tangential force is similarly formulated with an additional sliding friction coefficient

ft which limits the maximum Hertzian tangential force Fy < F,,u, [50, 134].

F, =k, Ang; —yv) (4.3)
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Where m* and R* are the reduced mass and radius found by section 4.2.1.1.

Rolling resistance is included to mimic some of the mechanical effects of some
of the asphericity and angular shape of grains in space environments. We use the
SDS model from Ludwig with friction constant and damping coefiicient k,.; and .oy,

angular displacement and velocity &,..; and v,..;, and coefficient of rolling resistance

firon [135] (eq. (4.4)).

ﬁoll - R*ﬁu X |:m2n <||kroll§7’oll - ’YrollUrollHa ,urolan> groll/||17r0ll||i| (44)

The Derjaguin-Muller-Toporov (DMT) cohesion model is implemented with an
attractive cohesion force between particles given by eq. (4.5),where 7. is the surface

energy density of the particle pair.

Fncohesion = _47T’}/CR* (45)
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4.2.1.2 Magnetic Model

We implement a magnetic force model, based on the model previously im-
plemented in LIGGGHTS for magnetorheological fluids, but including permanent
magnetizations [99, 101]. The force and torque on a magnetic dipole (1) by an

external magnetic field (B) is given by [16]:

F, = V(- B) (4.6)

Tro =1 X B (4.7)

The total force on a magnetic grain with dipole moment (73;) due to the
dipole field of its neighbors (B;(7,;)) separated by (7; = 7 — ) is therefore equal

to (eq. (4.1)):
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The total torque is equal to:

n
=Ly
" n
Ti :’I’?LZ X BQ‘I’ﬁ Z —3[377’%1 X fij(mj ﬁ]) —mz X T?L]]
j=Li#i

4

The magnetic field and torque drops off at 7=3, while force drops off as r~4,

so the fields and forces can be approximated by summing over a short range, with
acceptable accuracy. Using a cutoff distance of several particle diameters allows for
high fidelity, while still maintaining efficient parallelization of the workload across
processors[99]. For our simulations a magnetic force cutoff distance of three of the

subject particle diameters is used.

4.2.1.3 N-Body Gravity

Gravitational forces drop off proportional to r—2; therefore, a range cutoff can
add unacceptable error. The field from one particle does not, however, depend
on the field from any other particles, simplifying the physics to solving Poisson’s
equation for N-bodies. Using a purely spectral solver limits the near field accuracy
while using an exact solution is slow. Instead, we use a Particle-Particle Particle-
Mesh (PPPM) solver. In PPPM solvers, the problem is decomposed into long range
and short range terms [136]. The short range term is calculated exactly for near
neighbors. The long range term is then calculated spectrally, using Fast Fourier

Transforms (FFTs). LAMMPS implements the PPPM solver for the purposes of
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simulating electrostatics. In order to adapt it for the purposes of gravitational forces,
a dielectric constant of -1 was used for the empty space. Particles were then given

a charge proportional to the mass (eq. (4.10))[137].

¢ = miVG = m\/7.425826298 x 10-21 (4.10)

4.2.1.4 Initialization

The particles are initialized to a spherical cloud of 32,662 particles on a simple
cube lattice with a lattice length of 2m. They have diameters of 50 cm and 100 cm
and a density of 3g/cm?. The low density, compared to pure iron, assumes a high
porosity in the individual boulders. Additional particle properties can be found
in table 4.1. The cloud is given random velocities following a Boltzmann velocity
distribution with a temperature of 8¢20 times the cube of the particle diameter and
a random angular velocity with a normal distribution. In addition to the random
velocities, simulations were run with several angular velocities about the system
center of mass of 500 prad /s, 1000 prad/s, and 2000 prad/s added to the Boltzmann
distribution such that v; = v, (T) + & x 7. A large, permanently magnetized
“seed” particle, with diameter 5m, is placed in the center of the cloud to provide a
core for the particles to coalesce onto. All the particles are then given a permanent
magnetization of 0, 119, or 1190 A/m. The system is then integrated to show the

time evolution as the particles coalesce.
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Particle Diameters 50 cm 100 cm
Magnetizations 0A/m [ 119A/m [ 1190A/m
Angular Velocity p=>5x10""rad/s, o = 107" rad/s
Density 3000 kg/m?
Young’s modulus 10°N/m?
Coefficient of Restitu-
: 0.1
tion
Poisson’s ratio 0.3
S.urface Energy Den- 2.86 x 103 J /m?
sity
Sliding Friction s = 0.4

Rolling Friction

fy = 0.8, 3 = 0.4, k, = 10

Table 4.1: Simulation particle properties for asteroid self gravity simulations

4.2.2 Results

4.2.2.1 Agglomeration Rate

The agglomeration rate increases as the magnetization of the grains increases
(fig. 4.1). The grains in the magnetized systems begin to form chains and clumps
as they orbit the Center of Mass (CoM). These chains have a larger cross section of
interaction, resulting in more collisions and a faster dissipation of the energy in the
system. In the highly magnetized 50 cm system, large clumps form very quickly and
those clumps then coalesce into the final asteroid shape. By 15000s, 89% of the
uncoalesced particles are in chains or clumps of two or more particles and 45% are
in clumps of more than 10 particles. The low magnetization 50 cm system particles
form chains more slowly and do not tend to clump as much. By 15000s, 14.5% of
the uncoalesced particles are in chains of two or more particles, and only 1% are in
clumps of 10 or more particles. The unmagnetized 50 cm grains do not form clumps

and form very few chains. At 15000s, only 0.7% of the uncoalesced particles are in
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Figure 4.1: The 1190 A/m grains coalesce much faster than the other two sys-
tems. The unmagnetized grains coalesce at the lowest rate, slightly slower than the
119 A/m grains for both the 50 cm and 100 cm grains. The 100 cm grains coalesce
much faster than the 50 cm grains due to their larger cross section and the larger
mass of the system.

chains of which only three chains are longer than two particles and zero chains are

longer than three particles (fig. 4.2).

4.2.2.2 Structure

The asteroids coalesced from the dust clouds form shapes that are roughly
oblate spheroids, as expected (figs. 4.3 and 4.4). The unmagnetized and lightly
magnetized asteroids form very similar shapes. The structure of the highly magne-
tized asteroids, particularly of the smaller 50 cm grains, is extremely convoluted and
irregular in comparison, with many caverns, voids, and arches (figs. 4.3e and 4.4c).
This is expected given the repulsive forces between chains of magnetized particles,
as well as the increased ‘stickiness’ of the particles, which prevents them from falling
deeper into the asteroid after they are captured by an exterior particle chain. As

the spin rate increases, the asteroids become more oblate in shape. The 119 A /m,
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Figure 4.2: Unmagnetized, lightly and heavily magnetized, 50 cm grain asteroids
after coalescing for 15000s. Uncoalesced particles that are not in particle chains
or clumps have been deleted, showing only chained particles. The unmagnetized
particles form very few chains and therefore coalesce more slowly. The 119 A/m
grains form small chains while the 1190 A/m grains form large chains and clumps,
coalescing rapidly.
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2000 prad/s asteroid developed an elongated bulge near its equator that was not
present in the unmagnetized asteroid (fig. 4.3g). The simulations with 2000 prad/s
initial angular velocities resulted in asteroids with minor axis near the minimum,
constrained by the 5m seed particles.

Fitting minimum bounding triaxial ellipsoids to the resultant asteroid shapes
allows us to quantify some of the differences in shape (table 4.2). The magnetized
asteroids appear more spherical and have smaller ratios between their major and
minor axis, with the exception of the 2000 prad/s, 50 cm asteroid, which developed a
considerable protrusion in the magnetized case (white colored particles in fig. 4.3g).
While the lightly magnetized asteroids have a smaller ratio between their axes than
the unmagnetized asteroids, the highly magnetized asteroids have higher ratios than
the low-magnetized asteroids. This may be due to the increased tensile strength of
the magnetized grains holding the structure together, preventing equatorial bulge,
while the irregular surface of the highly magnetized asteroids tends to push the
boundaries of the minimum bounding ellipsoid outward.

As the magnetization increases, the size of the asteroid also increases. The
1000 prad/s, 50 cm, 1190 A /m asteroid has 6 times the volume as its unmagnetized
counterpart (table 4.2). This is partially explained by the increased number of
particles captured by the magnetized asteroids vs. the unmagnetized asteroids.

However, reduced density and increased porosity also contributes (figs. 4.5 and 4.6).
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X
(a) Unmagnetized, with (b) 119 A/m magnetization
500 prad/s angular velocity and 500 prad/s angular ve-
locity

X

(¢) Unmagnetized, with (d) 119 A/m magnetization (e) 1190 A/m magnetization

1000 prad/s angular velocity and 1000 prad/s angular ve- and 1000 prad/s angular ve-
locity locity

O E— 2 5m

(f) Unmagnetized, with (g) 119A/m magnetization
2000 prad/s angular velocity and 2000 prad/s angular ve-
locity

Figure 4.3: Final asteroid shapes for several magnetic field strengths, and initial
angular velocities for 50 cm grains. Particles are colored by their distance from the
CoM of the asteroid
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(a)

1000 prad/s angular velocity and 1000 prad/s angular ve- and 1000 prad/s angular ve-

Unmagnetized,

locity

locity

with (b) 119A/m magnetization (c) 1190 A/m magnetization

Figure 4.4: Final shapes for 100cm grain asteroids with several magnetic field
strengths, and an initial angular velocity of 1000 urad/s. Particles are colored by
their distance from the CoM of the asteroid

Particle| Angular Magnetization Major Inter. Minor Maj./Min.
Size Velocity Axis Axis Axis Ratio
500 jrad /s Unmagnetized || 9.1738 m | 8.8680m | 8.2030m | 1.1183
119A/m 9.3322m | 9.0238 m | 8.4696m | 1.1018
Unmagnetized || 9.6852m | 9.4346m | 6.8965m | 1.4044
50cm | 1000 prad/s| 119 A/m 9.7087m | 9.4537m | 7.4939m | 1.2955
1190 A/m 17.7205m| 16.8534m| 12.7270m| 1.3924
2000 prad /s Unmagnetized || 10.3581 m| 9.8403m | 5.0588m | 2.0475
119 A/m 11.3061 m| 10.2350m| 5.1584m | 2.1918
Unmagnetized || 21.3510m| 20.5915m| 19.6541 m| 1.0863
100cm | 1000 prad/s| 119A/m 21.3678 m| 20.7571 m| 20.0575m| 1.0653
1190 A/m 25.9366 m| 25.1804 m| 24.1899m| 1.0722

Table 4.2: Asteroid bounding ellipsoids

4.2.2.3 Density

We calculated the density for the final asteroid shapes by dividing their mass
by the volume of a minimal convex hull created by its bounding particles. The
density of the final coalesced asteroids tends to decrease with increasing magne-
tization (fig. 4.5). The Voronoi volume is the total volume of space closer to the
center of a grain than any other grains. It is found from the volume of the polyhedra
formed by vertices on the bisection of the line connecting the particle with its nearest

neighbors. Using the minimum bounding triaxial ellipsoid as the outermost shell,
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we created concentric ellipsoidal shells of equal volume and aspect ratios starting
from the center of the asteroids and progressing outward to the minimal bounding
ellipsoid. We found that the Voronoi volume of the inner shells was similar for
the low magnetization asteroids and the unmagnetized asteroids. Grains closer to
the surface of the low magnetization asteroids, however, diverged considerably from
the Voronoi volume of the unmagnetized asteroid. The highly magnetized asteroids
had significantly larger Voronoi volumes throughout the asteroid, though still in-
creasing considerably near the surface (fig. 4.6). The seed particle creates a larger
average Voronoi volume in the center most shell, particularly for the closely packed

unmagnetized and low magnetization grains.

4.2.2.4 Bulk Magnetization

The magnetization of the individual grains used in our low magnetization
simulations are comparable to bulk magnetizations previously measured around as-
teroids Braille and Gaspra, as well as those measured in meteorites. The highly
magnetized grains are an order of magnitude stronger than bulk magnetizations de-
tected. The bulk dipole moment is the sum of the individual dipoles however, and
because they are not fully aligned, the bulk magnetization will be less than or equal
to the individual magnetizations. In addition to the dipole moment, the unaligned
dipoles will create higher order terms in the multipole expansion. The higher order
terms will drop off much faster than the dipole terms, and so for the measurements

made by DS1 and Galileo spacecrafts, the dipole term will dominate, dropping off at

92



1800 ‘ ‘ ‘
50cm Grains, 500uRad/s
16005 a A 50cm Grains, 1000uRad/s ||
A ¢ 50cm Grains, 2000Rad/s
¢ A 50cm Grains 1000 Rad/s
1400 |- No Seed Particle 1
— % 100cm Grains 1000xRad/s
E
51200 1
X,
=
21000 1
a *
800 - A
600 8
A
400 Il 1 1 1 1 1 1
0 200 400 600 800 1000 1200

Magnetization [A/m]

Figure 4.5: Density of asteroids formed by various initial dust clouds as a function
of grain magnetization

o 3 while the quadrapole term will drop off oc 7~°. Summing the dipole moments
gives a bulk dipole of 7.3 x 10* Am?, 4% of the maximum dipole moment for the
low magnetization, 50 cm grains and 7.1 x 10* Am?, 3.2% of the maximum dipole
moment for the highly magnetized grains. The bulk magnetization, found from
dividing the dipole moment by the convex hull volume, is 6.4 A/m for the highly
magnetized asteroid and 3.0 A/m for the low magnetized asteroid. Using a hull that
minimally contains all bounding particles, but does not require convexity, gives a
bulk magnetization of 8.7 A/m for the highly magnetized asteroid and 3.2 A/m. In-

creasing the grain magnetization by an order of magnitude resulted in an order of
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. The porosities of the unmagnetized and 119 A /m magnetized asteroids are
similar towards the core, but the magnetized asteroid porosity increases more
rapidly towards the surface. The highly magnetized asteroid is considerably more
porous throughout, though the density does not decrease as rapidly and begins to
converge with the less magnetized asteroid near the surface.

Figure 4.6: Mean Voronoi volume of grains in concentric ellipsoidal shells of equal
volume for 50 cm grains with an initial angular velocity of 1000 prad/s

magnitude higher bulk dipole, but only increased the resulting bulk magnetization
by a factor 2 — 3x due to the decreased packing fraction of the highly magnetized

grains.
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4.3 Spin-Up

Asteroids can be subjected to a torque due to differential heating and radiation,
which can cause them to spin-up and be disrupted through the YORP effect [88, 129,
130]. As the asteroid spins up, it can reach a speed where it becomes destabilized
and gets disrupted. The increased tensile strength due to magnetism will affect the
asteroid’s ability to resist this disruption as well as how it breaks up after disruption.
To examine this we simulated these disruption events in LAMMPS using the same

models and parameters as in the coalescence simulations (table 4.1).

4.3.1 Simulation

To start with as close to the same initial configuration as possible, we initialized
disruption simulations similarly to the coalescence simulations, but without an initial
tangential velocity, so the grains would quickly coalesce. The grains were allowed
to coalesce under self-gravity until they formed roughly spherical agglomerates. We
again used 50 cm and 100 cm grain sizes and 0 A/m, 119 A/m, and 1190 A /m grain
magnetizations. For the 50 cm simulations, 33220 particles were used and for the
100 cm simulations, 4088 particles were used to get equal mass objects. For the spin
up simulations, we omitted the central core particle.

After coalescing, the asteroid angular velocities were stepped up in increments
of 100 prad/s at intervals of 500 seconds until they reached 400 yrad/s and then at
intervals of 3000 seconds until the asteroid had a deformation event where the grains

shifted but no mass was lost. The deformation event was integrated until it reached
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steady state. The spin up process was then resumed at 3000 second intervals until
the asteroid began to disrupt. The asteroid was considered disrupted when it shed
grains from the surface. The disruption event was integrated until the dynamics of

the disruption were fully resolved.

4.3.2 Analysis

As the asteroids spin up, an initial deformation event occurs (figs. 4.7b and 4.8b).

For the unmagnetized and low magnetization asteroids, with both large and small
grains, the first significant deformation occurred at an angular velocity of 600 prad/s
and resulted in the spherical initial state getting deformed into an oblate spheroid.
The unmagnetized grains developed a slightly larger equatorial bulge, 1.28x wider
than tall vs 1.27x for the 50 cm grains and 1.39x vs 1.28x for the 100 cm grains.
The highly magnetized grains had their primary deformation event at 700 prad/s.
The small grains formed the beginnings of a binary fissure with chains of particles
tying the two halves together across the fissure line (fig. 4.9). The large grains
formed a very porous structure in the center surrounded by a higher density ring
around it. The highly magnetized asteroids had most of their elongation along a
single axis rather than forming an oblate spheroid shape with an equatorial bulge.
The small grains had an intermediate axis only 1.17x the size of the minor axis,
but had a major axis 1.46x the minor axis, while the large grained asteroid had an
intermediate axis 1.21x the minor axis and a major axis 1.85x the minor axis.

After the deformation event the asteroids were spun up again until they lost
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Figure 4.7: 50 cm asteroid evolution as they are spun up to increasing angular
momentum states, viewed parallel to the spin axis.
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Figure 4.8: 50cm asteroid evolution as they are spun up to increasing angular
momentum states, viewed perpendicular to the spin axis
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Figure 4.9: Close up of the binary fissure forming in the 50 cm, 1190 A /m asteroid
99

after the deformation event. (Colored by distance from CoM)



mass, at which point they were considered ‘disrupted’ (figs. 4.7c¢ and 4.8¢). The
unmagnetized and low magnetization asteroids were disrupted at 700 prad/s while
the high magnetization asteroids disrupted at 800 urad/s. The low and no magneti-
zation asteroids continued to increase their equatorial bulge until small collections
of grains were ejected from local high points along the equator. For these cases the
grains separated from high spots around the equator. Of these, several fell back and
reaccumulated on the surface of the asteroid, while the others escaped. The highly
magnetized asteroids tore themselves apart, leaving behind several large fragments
(fig. 4.10). Two of the fragments from the 50 cm asteroid have very large aspect
ratios of 6:1 for the largest body and 5:1 for the second largest.

As with the coalescing simulations, the magnetized asteroids had lower initial
densities than the unmagnetized asteroids (fig. 4.11). The lower initial densities re-
sult in smaller initial strength due to the cohesive and gravitational forces. Despite
the reduced strength from conventional sources, the magnetized asteroids disrupted
at spin rates greater than or equal to the disruption rates of the unmagnetized as-
teroids. The reduction in density as the asteroid spun up was more pronounced
for the highly magnetized asteroid than for the lower magnetization and unmagne-
tized asteroids, possibly due to the repulsion of adjacent chains. In contrast, the
large grained, unmagnetized asteroid increased in density after deformation, possi-
bly due to stick-slip caused by the cohesion. The remaining low magnetization and
unmagnetized asteroids had small decreases in density as they spun up. The highly
magnetized asteroids had very low densities, indicating a porosity of 83.6% for the
50 cm grains and 83.0% for the 100 cm grains.
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(a) Fragments from the 50cm, 1190 A/m asteroid after being disrupted. (Colored by
Cluster)

Ry

y

(b) Fragments from the 100cm, 1190 A/m asteroid after being disrupted. (Colored by
Cluster)

Figure 4.10: Fragments left behind after disruption of highly magnetized asteroids
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Figure 4.11: Density of asteroids as they are spun up until they are disrupted. The
disrupted asteroid density is the density of the largest fragment.
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4.4 Mass Wasting

Asteroids with a magnetized core may have grains on the surface with high
susceptibility but which have been demagnetized by space weathering phenomenon
or have coalesced from unmagnetized dust. The dynamics of these grains avalanch-
ing on craters or otherwise shifting on the surface could result in distinctive and

identifiable features compared to unmagnetized asteroids.

4.4.1 Simulation

4.4.1.1 Contact Force Model

The mass wasting simulations were run on the open source SSDEM framework
LIGGGHTS, which is based off of LAMMPS and optimized to run granular simu-
lations [51]. LIGGGHTS uses the same Hertzian grain contact force as LAMMPS
(eq. (4.3)). The cohesion model used in LIGGGHTS is the SJKR model where
F, = k.A with volume energy density k. and contact area A. Rolling resistance
is handled via an Elastic Plastic Spring Dashpot (EPSD) model where a restoring
spring dashpot force provides a torque back to the initial contact point until the
maximum torque is exceeded. After that point, the equilibrium point of the spring

gets dragged along with the particle rotation, creating a plastic deformation.
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4.4.1.2 Magnetic Model

We use soft magnetic grains in the mass wasting simulations. Soft magnetic
grains, in contrast to the hard magnets used in the previous simulations, do not
maintain their magnetization when an external field is removed. When a soft mag-
netic grain is placed in an external magnetic field (approximated as constant over

the volume of the sphere), it has a dipole induced (eq. (4.11)).

. x—1

1i; = A RH =C,, B (4.11)
X +2

The total dipole moment is the sum of the magnetic dipole induced by each of
its neighbors and the background field due to linearity. Because the dipole moment
of a soft grain will always be aligned with the local magnetic field, there is no torque
induced on the grains, and the torque term is dropped from the model. In order to
solve this system numerically we use an iterative, mutual dipole method [19], which
uses the dipole moments from the previous iteration to calculate the magnetic field
at each grain, which, when multiplied by a constant (C;) yields its dipole moment
(eq. (4.12)). In three iterations, this converges to within 1072 percent of the value

at 1000 iterations [table 4.3].

mk = (Bo + > Ej’?—l) (4.12)

=1,
The timestep for SSDEM simulations is constrained by particle size and hard-

ness, such that the movement per timestep is small compared to the gradient of
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P1 P2 P3
-23.6301% -22.9105% 17.0134%
-0.6621%  -0.4894%  1.0083%
-0.0707%  -0.0476%  0.0804%
-0.0044%  -0.0032%  0.0044%

=~ W DN |

Table 4.3: Force convergence for contacting particles, in an “L” configuration, with
three total particles, a central particle (P2) adjacent to one particle aligned with
the field (P1) and one perpendicular to the field (P3), using mutual dipole method.
Convergence is shown as percent error from values at 1000 iterations.

the magnetic field. Therefore, due to the rapid convergence, rather than iterating
multiple times per timestep, we use the dipoles from the previous timestep to find
the magnetic fields for magnetizing grains in the current timestep. The model for
magnetic interactions and induced dipoles, as implemented in LIGGGHTS has been
validated using simulations of magnetorheological fluid shear and jamming using
~ 10° particles [99, 101] and a more in depth analysis can be found in Leps and

Hartzell [99].

4.4.1.3 Initialization

Gravity was set to Psyche surface gravity of 0.144 m/s? [138]. The simulation
box was initialized with ~500,000, ~77,000, and ~70,000 grains, with 0.005m,
0.01m, or 0.05m diameters respectively and particle properties given in table 4.4.
The grains were were created in a rectangular cell, 1.5m long, by 0.4 m wide by 2m
tall for the two smaller grain sizes and 7.5m long, by 2m wide by 10m tall for the
5cm grains, with periodic boundaries along the width, and then allowed to settle

under gravity. Once the grains had fully settled, a 0.005 T external field was applied
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Particle Diameters 0.5cm \ lem 5cm
Density 7750 kg/m?
Young’s modulus 1 x 10°N/m?
Coeflicient of Restitu-

. 0.2
tion

Poisson’s ratio 0.278

S'urface Energy Den- 10 J/m?
Sity

Sliding Friction s = 0.6
Rolling Friction wr =04, v. =04, k. =10

Table 4.4: Simulation particle properties for asteroid avalanching simulations

in the Z direction, parallel to gravity. The grains were allowed to reconfigure in the
magnetic field and then the dividing wall was removed, allowing the grains to flow
in the Y (long) direction. The grains were allowed to run out into the empty side

of the container until they reached equilibrium.

4.4.2 Results

The angles of repose were enhanced by the magnetic forces. The 5cm grains
had their angle of repose increased by 0.4%, the 1cm grains’ angle of repose was
enhanced 6.2%, and the 5 mm grains’ angle of repose was enhanced 35.6% (table 4.5
and fig. 4.12). The 5mm grains had two stable angles of repose, their enhanced
angle of repose and the unenhanced original angle. The enhanced angle was at the
top of the slope, while at the bottom of the slope it transitioned to the original angle
(fig. 4.12a). This appears to be due to the momentum of the grains, as they crash
into the base, overcoming the magnetic cohesion.

Like the self-gravity simulations, the magnetization of the grains increases

porosity of the system. The magnetic field results in an increase in the volume of
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(a) Angle of repose for magnetized and unmagnetized 5 mm grains
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(b) Angle of repose for magnetized and unmagnetized 1 cm grains

Figure 4.12: Angle of repose for avalanched grains
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P.a rticle Magnetization Angle of Volume

Size Respose

5 mm Unmagnetized || 37.2209° 1.1602 m?
Magnetized 50.4837° 1.2659 m?

Lom Unmagnetized || 32.4847° 1.4859 m?
Magnetized 34.4926° 1.6097 m?

5 om Unmagnetized || 31.2953° 37.6239 m?
Magnetized 31.4193° 38.1069 m*®

Table 4.5: Characteristics of magnetized slope during avalanching

the 5mm, 1cm, and 5cm grain heaps by 9%, 8% and 1% respectively (table 4.5).

The majority of this comes from the near surface grains (fig. 4.13).

4.4.3 Discussion

The increased cohesion from the magnetic forces created an effect in the 5 mm
grains similar to calving on snow cornices or glaciers. As the grains ran out down
the slope, large chunks of the grain pile would shear off from the top of the slope and
fall down the slope relatively intact until they were absorbed into the lower slope
(fig. 4.14). This cornicing leaves a distinctive sharp edge at the top of the runout,
which may be identifiable in images of asteroid surfaces. The highly magnetized
surface also has a dual sloped runout that may also be used to identify magnetization
of asteroids (fig. 4.12a).

The increased porosity on the surface of a highly magnetized asteroid may
allow it to absorb energy through compression. This has implications for landing
missions, which will have to account for the porosity in the design of the landing
and anchoring mechanism. It may also have implications for planetary defense if we

attempt to deflect a hazardous asteroid with an impactor.
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(b) Packing fraction of the 5 mm grain heap with a 0.005 T magnetic field

Figure 4.13: Packing fractions of avalanched grain slope
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(d) (e) (f)

Figure 4.14: Calving of two cornices of magnetic grains, from the lip of the grain pile,
during grain avalanching of the 5mm grains in a 5mT field. Figure 4.14a: Grains
before avalanching with two groups of grains that will calve off (red & green). Fig-
ure 4.14b: The first cornice (green) calves off of the lip of the grain pile. Figure 4.14c:
The first cornice (green) hits the bottom of the cell and begins to compress. Fig-
ure 4.14d: The first cornice (green) has been absorbed into the lower slope while
the second cornice (red) is calving off of the lip. Figure 4.14e: The second cornice
(red) hits the lower slope and begins to compress. Figure 4.14f: The second cornice
(red) runs down and begins to get absorbed into the lower slope
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4.5 Magnetic Interaction Scaling Forces

It is useful to understand under what circumstances magnetic effects may be
relevant to asteroid structure and dynamics. By calculating the forces between
two in-line particles, with radius R, aligned with various background field strengths
(egs. (4.1) and (4.12)) and comparing it to the attractive force of various surface
gravities (eq. (4.13)), self-gravity (eq. (4.14)), and cohesive force for clean and dirty
particles (S=1,0.1) (eq. (4.15)) [89], we can find when magnetism is a significant
force for determining asteroid strength (figs. 4.15 and 4.16). Forces between axi-
ally aligned, permanently magnetized particles, with magnetizations equal to those
created by placing individual, soft magnetic particles in a uniform background
field, are within 30% of the forces using the mutual dipole method and the two
are indistinguishable in the log-log plots in figs. 4.15 and 4.16 so they have been
omitted. Background fields of 5x 107 7T, 5x 10 T, 5x 10 °T, 5 x 10 *T, and
5x 1073T, result in magnetizations in individual spheres of 1.19A/m, 11.9A/m,

119 A/m, 1190 A/m, and 11900 A/m respectively.

4

Fysury = pgwR?’g (4.13)
1 2\2

FgSelf = G(pgﬂ'R ) (4.14)

F,=3.6e—2xS°R (4.15)
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The slope of the magnetic forces lies between the slope of the cohesive and
surface gravity forces in a log-log plot. For small particles the cohesive forces will
tend to be the dominant force, while large particles tend to be dominated by grav-
ity. Medium sized grain forces can potentially be dominated by magnetism for some
magnetic fields/magnetizations, surface gravities, and cleanliness coefficients. Mag-
netic forces will dominate for particles in an 5 x 10~* T field with a cleanliness of 0.1,
in a surface gravity of 10-*m/s?, for particle sizes ranging from ~ 10~ m — 10~ m,
for example. Self gravity has the largest slope and does not dominate until much

larger grain sizes, on the order of 10’s-100’s of meters.

4.6 Discussion

Both grain magnetizations during coalescing and disruption resulted in con-
siderably lower bulk magnetization than the magnetizations measured at Braille
and Gaspra of 110 A/m and 93 A/m. Based on the trend from our simulations,
it’s possible that an additional order of magnitude of grain magnetization over the
maximum from our simulations would still have a bulk magnetization below that of
Gaspra and Braille.

The higher rate of coalescence in the magnetized asteroids means that metallic
cores of protoplanetary embryos may have been able to form faster, speeding planet
forming during the early solar system. Further simulations of the protoplanetary
disk during the formation of the solar system, which include magnetic forces, will

provide insight into the importance of magnetism during planet formation.
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Figure 4.15: Forces on an iron particle from surface gravity, self-gravity and cohe-
sion with a contacting grain of equal size, and dipole-dipole interactions between
two equal sized soft magnetic grains, in contact, aligned with a background field,
at the surface of a metallic asteroid. For several particle sizes and background field
strengths, the dipole-dipole force dominates over gravity and cohesion. The mag-
netic dipole interactions tend to dominate at middle particle sizes ~10 4 m - 1m.
Above these sizes, gravity tends to dominate and below these sizes, cohesion begins
to take over.
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Figure 4.16: Lines of equal force between surface gravity and magnetic attraction
between two magnetically susceptible grains in a background field. Magnetism dom-
inates under the lines for the various magnetic field strengths.
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The disruption patterns we found with magnetism match those found by
Sanchez for high friction angle asteroids, which similarly use both rolling resistance
and surface friction, and varying levels of internal strength [33]. Large strengths re-
sulted in fissures with multiple large fragments, while lower strengths resulted in the
shedding of individual grains or small clumps of grains from the equatorial region.
The resulting fragments created from magnetized asteroids had some morphological
differences from the Sanchez results and most observations of small bodies, such as
high aspect ratios and porosities.

The fragments formed by the disruption of the highly magnetized asteroid
have some similarities to two objects with unusual shapes. 216 Kleopatra has a
shape very similar to one of the fragments from our simulations, with a long skinny
middle connecting two larger ends, though Kleopatra is several orders of magnitude
larger (fig. 4.17)[95]. 11/2017 Ul ‘Oumuamua was found to have an aspect ratio of
likely 6:1 and as high as 10:1 and a spectra consistent with a high metallicity. The
high aspect ratios for 11/2017 Ul are consistent with the aspect ratios seen in our
disruption simulations with highly magnetized grains of 6:1 and 5:1. ‘Oumuamua
also experienced a high extra-gravitational acceleration as it went through peri-
helion, which could be consistent with a density much lower than expected. The
high porosities in the high aspect ratio fragments of our simulations may be able to
explain some of the accelerations observed.

In the asteroid strength simulations, the surface gravity was approximately
5 x 107%m/s? and the equivalent background field to the highly magnetized, 1190 A /m,
grains is 5 x 107°T. At that surface gravity and magnetization, gravity slightly
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(a) 216 Kleopatra (b) Fragment from 50 cm magnetized aster-

oid
Figure 4.17: Comparison between 216 Kleopatra and a fragment of the 50 cm grain,
1190 A /m, magnetized asteroid simulation. The scale of the images is several orders

of magnitude off, with Kleopatra having a major axis of approximately 200 km while
the fragment has a major axis of just 63 m, however the shape is very similar.

dominates for 100 cm grains, and magnetism slightly dominates for 50 cm grains.
At 119 A/m gravity strongly dominates magnetism (fig. 4.16). This agrees with
the results of the simulations where the largest differences due to magnetism were
seen in the 50cm grains at high magnetization. At the lower magnetization, where
gravity significantly dominated, the morphological changes were limited to slightly
higher surface porosities.

The avalanching results also agree with the force scales. With 0.14 m/s? surface
gravity, and a 5mT background field, magnetic forces will dominate over gravity by
an order of magnitude for iron grains with 5 mm diameters. For grains with a 1cm
diameter gravity and magnetism will be comparable, with magnetism slightly more
powerful than gravity for contacting grains. For 5 cm grains gravity will be slightly
more powerful than gravity. Our simulations showed that the 5mm grain simula-
tions had higher porosities, steeped angles of repose compared to the unmagnetized

simulations, and a cornicing behavior which was not present in unmagnetized sim-
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ulations. The 1cm grains were slightly affected, with an increased angle of repose
and increased porosity, mostly at the surface where the additional weight of grains
above them were not a factor. The 5 cm grains were mostly unaffected by magnetism
(figs. 4.15 and 4.16).

Further simulations with larger asteroids and a distribution of particle sizes
instead of monodisperse particles may provide further insight into the effects of

magnetism on asteroid formation and evolution.

4.7 Conclusion

Magnetic forces in the range of what could reasonably exist in metallic aster-
oids, based on observations from DS1, the Galileo spacecraft, and meteorites, can
have a significant impact on asteroid formation, morphology, and strength. Using
magnetic models, validated with simulations of magnetorheological fluid, we simu-
lated the formation, disruption, and mass wasting on metallic asteroids. Magnetized
grains resulted in faster coalescence of dust clouds. The resulting asteroids had in-
creased internal strength, allowing higher spin rates before disruption, lower bulk
densities, and lower surface densities. Avalanching of induced magnetic dipoles on
the surface of a large asteroid showed increased angles of repose and reduced regolith
densities. These morphological differences will allow us to better prepare for future
missions to potentially magnetized bodies and give us a better understanding of the
dynamics of planet core formation in the early solar system. Some of the character-

istics found in these simulations can also be searched for in the upcoming Psyche
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mission as well as other observations of m-type asteroids as an indirect indicator for

magnetization.
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Chapter 5: Conclusion

5.1 Contributions

We have implemented a mutual dipole magnetic model into the LIGGGHTS
and LAMMPS DEM framework and shown that including the mutual dipole method
with high fidelity granular interaction models the behavior of MRF systems can be
reproduced for multiple modes of operation. We captured the shear yield stress
behavior of MRFs in simple shear cells, matching the yield behavior as well as the
low shear rate shear stress roll off and the bidisperse mixture yield enhancement.
Our simulations show that the inclusion of an accurate particle distribution and a
complete suite of contact forces (Hertz-Mindlin elastic deformation, rolling friction
and cohesion) are necessary to properly simulate MRF behavior. In addition to
shear behavior, we were able to capture jamming behavior in a novel MRF valve
design, using our simulation model coupled with FEA to predict magnetic fields.

We developed an ElectroPermanent Magnet (EPM) actuated jamming MRF
valve. Our valve design is an order of magnitude smaller than the smallest previous
MRF valves. In addition, the valve requires no quiescent current to maintain the on
or off state, leading to average power draw several orders of magnitude lower than

current MRF valves for expected duty cycles. Despite the compact size and zero
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power draw, our valve design is able to arrest flow with hundreds of kilopascals of
pressure drop across the valve and still reliably reverse the jamming transition.

We integrated the EPM, jamming MRF valve into a multi-segmented, elas-
tomeric soft robot allowing independent control of multiple segments with a single
fluid supply channel and minimal wiring infrastructure. Due to the compact nature
of the valve and low cost, it allows for control of a many segmented soft robot,
enabling unprecedented degrees of freedom for an elastomeric robot design.

Using the DEM model developed for MRF simulation, we were able to model
magnetized metallic asteroids coalescing and disrupting, finding unique morpholo-
gies that result from magnetization, which could be identifiable by radio astron-
omy observations and in future flyby and rendezvous missions. The addition of
magnetism in metallic asteroids resulted in faster accretion from a rotating, self-
gravitating particle cloud and the resultant objects had higher porosities than their
unmagnetized counterparts. The magnetized asteroids also had higher internal
strengths, being able to maintain higher spin rates before deforming and disrupting.
Once disrupted, the magnetized asteroid fragments exhibited shapes with higher
aspect ratios and porosities than unmagnetized fragments. Some of the fragments
matched the shapes of observed, suspected metallic objects ’'Oumuamua and Kleopa-
tra, which have shapes that are unusual for objects formed with just non-magnetic
forces.

Simulating mass wasting on the surface of a metallic asteroid again found
changes in morphology compared to unmagnetized grains. Avalanching magnetized

grains resulted in higher porosity in the runout and higher angles of repose. Also,
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magnetized grains could form cohesive clumps, which broke off from the lip of the
grain piles, in an action similar to calving of glaciers or cornices. The calving process
resulted in a two slope runout, with a steep slope at the top dominated by magnetic
cohesion, and a shallower slope at the bottom where the impact forces overcame
magnetism and the clumps crumbled.

In addition to the results of our simulations, we have created an open source
tool for further investigating magnetic, granular interactions. We are making our

code available for use by the community at large.

5.2 Future Work

Our MRF model used a simple, uncoupled fluid dynamics model. In the case
of the Couette flow in simple shear cells this approximation is very accurate. Due
to the presence of no-slip boundary conditions on the two surfaces and symmetry
of the system the actual fluid flow can be predicted and relative velocity of the
particles and the background fluid should be very low. In more complicated geome-
tries, the background fluid flow cannot be accurately predicted and so a coupled
fluid dynamics model is desirable for higher fidelity. The developers of LIGGGHTS
have implemented a coupled CFD-DEM model using OpenFOAM integrated with
LIGGGHTS. Using the OpenFOAM CFD-DEM framework to simulate more com-
plex systems will provide insights into realistic applications of MRF fluids.

Further validation of the model can be performed using dry, magnetic parti-

cle experiments. Segregation experiments involving mixtures of non-magnetic, soft
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magnetic and hard magnetic particles, currently underway, will provide an addi-
tional data set. Accurately reproducing these experiments in LIGGGHTS with
magnetism would give the model three independent sources of validation, increasing
confidence in its predictions for magnetized asteroids. Experiments are also planned
that will directly validate simulation results on the avalanching of magnetic grains
in a background magnetic field.

Asteroid simulations could be carried out with a more disperse mixture of
particle sizes and a variety of particle properties creating better data sets for com-
parison to shape models from future observations. Additionally, simulations of dis-
ruptions by impactors can be performed. Simulating an impact disruption of a
proto-planetary embryo with a differentiated mixture of metallic and rocky grains
would provide evidence for or against the theory that m-type asteroids can result
from these impacts. Impactor simulations can also help with planetary defense plan-
ning, providing data on how the impact will be affected by magnetized grains and
how the resultant the trajectories compared to unmagnetized asteroids. The bulk
properties of magnetic grains can be analyzed to find analogs to angle of friction

and tensile strengths for non-isotropic forces.
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