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Fig. 1. Our unified numerical scheme can simulate the dynamics of a broad array of nonlinearly magnetized materials, ranging from magnetic deformable
bodies to magnetic viscous fluids.

We propose a novel numerical scheme to simulate interactions between a
magnetic field and nonlinearly magnetized objects immersed in it. Under
our nonlinear magnetization framework, the strength of magnetic forces is
effectively saturated to produce stable simulations without requiring any
parameter tuning. The mathematical model of our approach is based upon
Langevin’s nonlinear theory of paramagnetism, which bridges microscopic
structures and macroscopic equations after a statistical derivation. We devise
a hybrid Eulerian-Lagrangian numerical approach to simulating this strongly
nonlinear process by leveraging the discrete material points to transfer both
material properties and the number density of magnetic micro-particles in
the simulation domain. The magnetic equations can then be built and solved
efficiently on a background Cartesian grid, followed by a finite difference
method to incorporate magnetic forces. The multi-scale coupling can be
processed naturally by employing the established particle-grid interpola-
tion schemes in a conventional MLS-MPM framework. We demonstrate the
efficacy of our approach with a host of simulation examples governed by
magnetic-mechanical coupling effects, ranging from magnetic deformable
bodies to magnetic viscous fluids with nonlinear elastic constitutive laws.
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1 INTRODUCTION

Physical systems in the natural world exhibit interactions at dis-
tinct spatial and temporal scales. Magnetism is a representative
example of this long-distance and multi-scale interaction. In engi-
neering communities, leveraging magnetic interactions has become
an effective control mechanism for its instant interaction speed and
fast magnetomechanical coupling via manipulating the electrically
charged particles, opening up a broad horizon of applications such
as remote robotic actuation, wireless control, and precise 3D print-
ing. Devising computational tools to simulate and optimize such
magnetic phenomena is essential for both engineering practices
and scientific research. At the same time, these visually appeal-
ing material motions have also drawn attention from researchers
in the computer graphics community. A large number of efforts
have been devoted to the simulation of magnetic materials, ranging
from magnetic rigid bodies [Kim and Han 2020; Kim et al. 2018;
Thomaszewski et al. 2008] to ferrofluids [Huang et al. 2019; Huang
and Michels 2020; Ishikawa et al. 2013; Ni et al. 2020]. Specifically,
over the course of the ferrofluid simulation study, researchers have
been tackling the challenges of handling the intricate, nonlinear
interactions between the magnetic fields and the various material
properties such as viscosity, incompressibility, and surface tension.

ACM Trans. Graph., Vol. 40, No. 6, Article 205. Publication date: December 2021.


https://doi.org/10.1145/3478513.3480541
https://doi.org/10.1145/3478513.3480541
https://doi.org/10.1145/3478513.3480541




	Abstract
	1 Introduction
	2 Related Work
	3 Physical Models
	3.1 Nonlinear Magnetization
	3.2 Magnetic Field Evolution
	3.3 Magnetic Substance Evolution

	4 Numerical Algorithms
	4.1 Magnetic Field
	4.2 Magnetic Force
	4.3 The Full Method

	5 Simulation Results
	6 Conclusions and Discussions
	Acknowledgments
	References
	A Physical Analysis
	A.1 Proof of Positive Definiteness
	A.2 Calculation of Cell-Wise Integration


