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ABSTRACT Investigations of the magnetic signature for ferromagnetic objects are extremely important in
many areas. Some famous software can calculate the magnetic signature generated by the 3D ferromagnetic
objects in motion, but they require tremendous computational time and large numerical resources. Therefore,
we propose a simulation method whose core idea is to approximate the ferromagnetic object by a collection
of magnetic dipoles whose placement is identified with the tool path information generated by 3D printing
software and calculate the magnetic signature of the ferromagnetic object using the superposition principle.
In view of the fact that each particle of a rigid body has the same laws of motion while the body moving
and rotating in 3D space, coordinate translations, and rotations are used to implement the six-degrees-of-
freedom movement of ferromagnetic objects. The simulations with a static object and objects in motion
in the application of the magnetic test for a satellite validate the correctness of the proposed method. The
evaluation of magnetic interference of a survey ship demonstrates the effectiveness. The method is easy to
implement and has strong practicability and powerful expansibility.

INDEX TERMS Magnetic instruments, magnetic signature, 3D-Printing, ferromagnetic object, motion.

I. INTRODUCTION
Investigations of the magnetic signature for ferromagnetic
objects are of great importance in many areas such as
exploring mineral resources [1], tracking moving magnetic
targets [2], and degaussing or magnetic compensation for
marine vehicle [3]. Simulation of the magnetic signature is
a powerful approach in the design of magnetic instruments,
verification of data interpretation and support for data pre-
sentation. Many famous software such as COMSOL Multi-
physics, Ansoft Maxwell and FLUX can be used to calculate
the magnetic signature generated by the 3D ferromagnetic
objects. They are reliant on the finite element method (FEM)
that solves engineering and mathematical physics problems
by subdividing a whole domain into smaller parts that are
called finite elements, assembling all sets of simple equa-
tions that model these finite elements into a global system
of equations and obtaining a numerical answer from the
initial values of the original problems. While calculating
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the magnetic signature generated by the 3D ferromagnetic
objects in motion, the arbitrary Langrangian-Eulerian (ALE)
moving mesh [4], remeshing [5], and significant mesh oper-
ations [6] are often required, which consumes tremendous
computational time and large numerical resources [4], [7].

In fact, the dielectric properties and magnetic shielding
of a moving ferromagnetic object can be negligible when
obtaining its magnetic signature around the object, especially
in most geophysical applications [8]. Consequently, only the
ferromagnetic effects including permanent magnetism and
induced magnetism need to be considered, that is ignor-
ing the eddy current magnetism in simulation. In addition,
the magnetic signature of a 3D ferromagnetic object could
be derived by dividing the object into an array of magnetic
dipoles, calculating themagnetic fields andmagnetic gradient
tensors of each dipole, and then summing the effects of
all dipoles [8]. 3D printing creates a physical object from
a digital design by adding material together layer by layer
and this special process is very similar to the superposi-
tion principle summing the effects of all magnetic dipoles.
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Therefore, we proposed a simpler and lighter simulation
method.

The core idea is to approximate the ferromagnetic object
by a collection of magnetic dipoles whose placement is
identified with the tool path information generated by 3D
printing software and calculate the magnetic signature of
the ferromagnetic object using the superposition principle.
Note that 3D printing is only used to generate the simu-
lation data rather than the actual object. Furthermore, the
six-degrees-of-freedom (6DoF) movement of the ferromag-
netic object is implemented by coordinate translations and
rotations.

The advantages of the proposed simulation method with
3D-printing data could be summarized as follows:

(1) It is simple and easy to implement. The computational
accuracy can be improved regardless of whether the user is
a sophisticated expert or not. In contrast, when analyzing
a problem with Ansoft Maxwell, the initial mesh is often
too coarse for an efficient, accurate field solution and the
elaborate mesh operations are often necessary [6].

(2) It has strong practicability. The computational accu-
racy and the amount of time and memory consumed by the
simulation are independent of the mode and complexity of
motion. Most simulation software can only consider simple
motion like the rotation about one axis or two-degrees-of-
freedom movement [9] because various technologies such as
the ALE moving mesh are necessary, which takes a tremen-
dous amount of time and memory.

(3) It is perhaps the simplest method to obtain multiple-
order magnetic gradient tensors of ferromagnetic objects
because of the known analytical tensor expressions of a
magnetic dipole. Comparatively speaking, in COMSOL
Multiphysics, the differential operators are the key to the
calculation of the multiple-order magnetic gradient tensors,
therefore an accurate solution relies heavily on the high qual-
ity of the mesh element.

(4) The simulation process for multiple ferromagnetic
objects in motion or a ferromagnetic object whose parts have
various magnetic properties is consistent with that for a single
object, so it has powerful expansibility.

II. SIMULATION PROCESS WITH 3D-PRINTING DATA
3D printing, also called additive manufacturing, includes
four main types: stereolithography (SLA) [10], selective
laser sintering (SLS) [11], laminated object manufacturing
(LOM) [12], and fused deposition modeling (FDM) [13].
FDM is widely used by 3D printers nowadays and its general
process is [14]:
(1) Build up the model with a computer-aided design

(CAD) package or a 3D scanner, and export a stere-
olithography STL) file, which is an interface in the
rapid prototyping system.

(2) Import the STL file into a slicing program cutting
the model into layers and produce the machine code
that determines the tool path for the machine to
follow.

(3) The extrusion nozzle extrudes liquefied plastic filament
along the tool path layer by layer until the desired object
is completed.

By analogy with the process of the 3D printing, the steps
of our proposed simulation method are listed below:
(1) The models of 3D printed objects representing the fer-

romagnetic objects can be obtained via a CADpackage,
medicine imaging techniques or a 3D scanner with a
suitable scale ratio. Then the 3D models are exported
in STL format. With regard to the ferromagnetic object
whose parts have various magnetic properties, output
the corresponding STL files for each part respectively.

(2) Import each STL file into Slic3r, which is a 3D slicing
engine for 3D printers. Slic3r converts the model into
a series of thin layers, and then produces a G-code
file (a numerical control programming language used
in computer-aided manufacturing). The print, filament
and printer settings need to be altered in Slic3r to
get accurate placement information of the simulated
objects. Then set the layer heightto the default value for
the first time and keep the extrusion width equal to the
layer height. Finally, obtain a 3D printed object with
no void space by setting the fill pattern to rectilinear
and the fill density to 100% to represent the completely
filled in object in the real world effectively.

(3) The G-code file encompasses the instructions that tell
the motors where to move, how fast to move, and what
path to follow. The primary commands in the G-code
file are the G-commands that tell the control what
kind of motion is wanted or what offset value to use
and the E-commands that control the length of extru-
date. For example, the G-code file from Slic3r includes
G1-commands (Linear Move) which indicate the start-
ing and ending points on the tool path, E-commands
which tell the amount of extrudate between the start-
ing and ending points and parameters which tell the
positions to move to on the x, y, and z axis. Parse
the G-code file to gain the coordinates of the starting
and ending points on the tool path and the information
whether the material is extruded from the nozzle or not.
If the answer is yes, simulate the extrusion process of
the nozzle by interpolating intermediate points between
the starting and ending points, and the interpolation
interval is set in accordance with the layer height;
otherwise the interpolation is cancelled. The starting,
ending and interpolation points are all called as the
printing points representing the uniform discrete points
in the 3D printed object. Thus, the coordinates of all
points in the actual ferromagnetic object are the product
of those of printing points in the 3D printed object and
the scale ratio.

(4) The ferromagnetic object can be approximated by
a collection of magnetic dipoles whose distribution
and magnetic moments are set according to the data
obtained from the G-code file. Specifically, set each
printing point as a magnetic dipole and its dipole
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moment m is given by the product of its magnetization
M and its volume dv, that is,m=M•dv. For the induced
magnetism, the direction of M is set in the direc-
tion of the backgroundmagnetic field and itsmagnitude
is given by the relative permeability µr of the material
and themagnetic field intensity of the backgroundmag-
netic field. For the permanent magnetism, the direction
and magnitude ofM are given directly according to its
magnetic properties. For example, the values of relative
permeability (µr = 3.5) and permanent magnetization
(M = 60 A/m) are commonly used in simulations of
magnetic prospecting of iron ore deposits [15]. In gen-
eral, ferromagnetic objects are normally assumed to
be uniformly magnetized in the geomagnetic field [8].
Hence M can be assumed as a constant for each part of
the object.

(5) In view of the fact that each particle of a rigid body
has the same laws of motion while the body moving
and rotating in three-dimensional space, coordinate
translations and rotations can be used to implement the
6DoF movement of ferromagnetic objects. The mag-
netic signature generated by the ferromagnetic objects
in motion is derived by calculating the magnetic fields
and magnetic gradient tensors of each magnetic dipole
and summing the effects of all dipoles. The magnetic
field and the components of magnetic gradient tensor
of a magnetic dipole are expressed by (1) and (2)

B =
µ0

4π
·
m
r3

[
3

(
m̂ • r̂

)
r̂− m̂

]
(1)

Gij = −3
µ0

4π

(m • r)
(
5rirj − r2δij

)
− r2

(
rimj + rjmi

)
r7

(2)

where m = mm̂ is the dipole moment, r = r r̂ is the source-
to-sensor bearing vector, µ0 is the permeability of the air, δij
is the Kronecker’s delta, and i, j = 1, 2, and 3 represent x, y,
and z in the Cartesian coordinate system.
(6) Return to the second step and reset the layer height

to half of the previous value. Rerun step (2) – (5)
and calculate the relative error between the current
and previous values of the magnetic signature at the
observation point. Repeat these steps until the relative
error falls below a tolerance.

(7) For multiple ferromagnetic objects, return to the first
step; for the object whose parts have various magnetic
properties, return to the second step or use multiple
extruders with the similar method.

The comparison between the proposed simulation method
with 3D-printing data and FDM is shown in Fig. 1.

III. TEST OF THE SIMULATION METHOD
A. TEST BY A STATIC OBJECT
In order to prove the correctness of the proposed method
for a static 3D object, we compare the magnetic signature
for a static thin sheet obtained by our method and the FEM
method in COMSOLMultiphysics and apply the tensor Euler

FIGURE 1. Comparison between the proposed simulation method with
3D-printing data and FDM.

deconvolution to the sheet with the magnetic fields and gra-
dient tensors calculated by our method.

The thin sheet dimensions are 25 mm radius, 5 mm thick-
ness, and the permanent magnetization of the shin sheet is
0.5 A/m. The layer heightis set to the default value (0.3 mm)
and the extrusion widthand interpolation interval are equal to
the layer height. There are 475514 magnetic dipoles used in
the thin sheet and their coordinates are obtained by parsing
the G-code file and interpolation, shown in Fig. 2. We simu-
late the three components of the magnetic fields on the line
10 mm above the center of the sheet, and the comparisons
between the results obtained by our method and COMSOL
are illustrated in Fig. 3. The results demonstrate that our
method is correct and feasible.
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FIGURE 2. Coordinates of all printing points of the thin sheet obtained by
parsing the G-code file and interpolation.

FIGURE 3. Three components of the magnetic fields for the thin sheet on
the measurement line simulated by 3D-printing method and the FEM
method in COMSOL multiphysics. Comparisons show the correctness of
our method.

Tensor Euler deconvolution is a method to determine
depths and locations of a magnetic object using the full com-
ponents of magnetic gradient tensor and magnetic field [16].
It includes three equations

(x − x0)Bxx + (y− y0)Bxy + (z− z0)Bxz = N (bx − Bx)

(3)

(x − x0)Byx + (y− y0)Byy + (z− z0)Byz = N
(
by − By

)
(4)

(x − x0)Bzx + (y− y0)Bzy + (z− z0)Bzz = N (bz − Bz)

(5)

where x0, y0, and z0 are the unknown coordinates of the
magnetic object center or edge, and x, y, and z are the known
coordinates of the observation points. Bx , By, and Bz are three
components of magnetic field; Bxx , Bxy, Bxz,Byx , Byy, Byz,Bzx ,
Bzy and Bzz are nine components of magnetic gradient tensor;
bx , by, and bz are the regional values of the magnetic field
to be estimated and N is the structural index. Thus, n obser-
vation points have 3n equations containing six unknowns.

When n > 2, we can solve for the source position and the
regional values (x0, y0, z0, bx , by, and bz).
The measurement area (100 mm × 100 mm) is 10 mm

above the top of the thin sheet. Window size of 5 × 5
(25 mm × 25 mm) was used on the grids and the window
was moved with a step size twice the grid cell side (5 mm).
The structural index of 2.0 was found to outline the edge of
the object clearly.

FIGURE 4. Plots of the magnetic fields and the nine components of the
magnetic gradient tensors for the thin sheet on the measurement area.

Plots of the magnetic fields and the nine components
of the magnetic gradient tensors for the thin sheet on the
measurement area are shown in Fig. 4 and the tensor Euler
deconvolution results are plotted in Fig. 5. The results also
demonstrate that our method is correct and feasible.

B. TEST BY OBJECTS IN MOTION
In order to prove the correctness and effectiveness of the pro-
posed simulationmethod for ferromagnetic objects inmotion,
we chose the application of the magnetic test for a satellite.

It is extremely important to know the magnetic fields
generated by some ferromagnetic components in a scientific
satellite, which provides a basis for magnetic cleanliness
design [17]. It is a practical and proven method in magnetic
test that rotating the satellite about the vertical axis and
the horizontal axis of a swivel table respectively [18], [19].
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FIGURE 5. Tensor euler deconvolution results of the thin sheet with a dot
representing each estimated position.

Therefore, we rotated three magnetorquers and three momen-
tum wheels which are the representatives of soft and hard
magnetic materials respectively, and have been widely uti-
lized in attitude control of satellites [20]–[22].

The simulated satellite is a 200 mm× 200 mm× 200 mm
cube. The magnetic momentum wheel with the diameter
of 75 mm and the height of 7.5 mm has the axial permanent
magnetic moment of 1.3 A•m2 [23]. The magnetorquer with
the size of 8 15 mm × 150 mm has the equivalent induced
magnetic moment of 0.5 A•m2 [24] due to uniformly magne-
tized by the ambient magnetic field along z axis. The num-
bers of magnetic dipoles used in the magnetic momentum
wheel and the magnetorquer are 221984 and 231317 respec-
tively. According to the design of attitude control systems
for a CubeSat researched by the scholars at York Univer-
sity, Canada [25], we set three momentum wheels and three
magnetorquers on the x, y and z axis, respectively, shown
in Fig. 6. Set the observation point on the x axis with 500 mm
distance from the satellite center and the simulation results
are illustrated in Fig. 7.

FIGURE 6. Three magnetorquers and three momentum wheels are placed
in the satellite for attitude control.

According to the results obtained above, we determined
the equivalent magnetic dipole moment of the satellite by the
field analysis [19]. The method derives the equations of the

FIGURE 7. Three components of magnetic fields produced by
magnetorquers (T), momentum wheels (W) and their superposition (WT),
respectively.

magnetic fields at three observation points from the rotating
satellite and solves the magnetic dipole moment by the least
squares method. When an observation point is far from the
satellite, it can be approximately equivalent to a magnetic
dipole and its equivalent magnetic moment m e is equal to
the moment sum of the six components of the satellite. The
magnetic dipole moment m c calculated by the field analysis
also denotes the sum of induced and permanentmoments. The
equivalent and calculated magnitude of magnetic moments
corresponding to the different locations of observation points
are illustrated in Table 1.

TABLE 1. Magnitude of magnetic moments.

Table 1 shows that the farther the observation point is
from the satellite, the more exactly the ferromagnetic objects
can be equivalent to a magnetic dipole, as expected, which
demonstrates that the proposed simulation method with
3D-printing data is correct and feasible for 3D ferromagnetic
objects in motion.

IV. APPLICATION IN MARINE MAGNETIC SURVEY
Marine magnetic survey is a groundwork for archaeology,
exploring mineral and petroleum resources, locating seabed
ferromagnetic objects, and building the World Digital Mag-
netic Anomaly Map etc. [26], [27]. Survey ships are sources
of magnetic interference on magnetometers, because they
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FIGURE 8. Schematic of a marine magnetic survey. Magnetometers are
dragged far from the ship to reduce the effects of magnetic interference.

FIGURE 9. The trajectory of the ship during the survey for standard
magnetic compensation.

are mostly made of ferromagnetic materials and magnetized
inevitably by the omnipresent earth’s magnetic field. There-
fore, the evaluation and elimination of the effect of mag-
netic interference are vital for the data quality of magnetic
instruments. The widely used equivalent magnetic models are
the magnetic dipole model and the ellipsoid model, but their
applicable conditions are both limited [28].

The 6DoF movement of the survey ship and the
magnetometers are both dynamically changed during a
marine survey, which is extremely suitable for demonstrat-
ing the advantages of our proposed method. In addition,
the multiple-order magnetic gradient tensors can be obtained
easily because of the known analytical tensor expressions of a
magnetic dipole, which is meaningful for modern instruments
measuring the full magnetic gradient tensor in the earth’s
magnetic field [29].

Since the survey ship has been artificially demagnetized
many times before being put into use, the permanent mag-
netism of the survey ship can be negligible, and the induced
magnetism has a major impact on magnetometers [30]. In this
simulation, we considered the main hull of the survey ship
which only has induced magnetism with the length of 20 m,
thewidth of 7m and the height of 4m (the 3D printed shipwas
modeled with the scale ratio of 100 smaller than the actual

FIGURE 10. The attitude of the ship with an additive fluctuation in the
range of −10◦ to 10◦ during the survey.

survey ship), and the magnetometers towed 50 m astern of
the ship. The number of magnetic dipoles used in the survey
ship is 1152517. Schematic of a marine magnetic survey is
shown in Fig. 8.

Let the magnetization magnitude of the survey ship be
0.0165 A/m [9], magnetization declination and inclination be
−9◦ and 60◦ respectively. The survey ship was controlled to
sail along the path of eight directions for standard magnetic
compensation, shown in Fig. 9. Three attitude angles (pitch,
yaw, and roll) added a random fluctuation in the range of
−10◦ to 10◦ for both the ship and the magnetometers, shown
in Fig. 10. We used coordinate translations and rotations to
simulate the 6DoF movement of the survey ship and the
magnetometers, and obtained the magnetic fields and the
second-order magnetic gradient tensors that should be mea-
sured by the magnetometers in the actual survey. The results

FIGURE 11. Three components of magnetic fields produced by the 6DoF
movement of the survey ship.

FIGURE 12. Six components of second-order magnetic gradient tensors
produced by the 6DoF movement of the survey ship.
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of the magnetic fields and gradient tensors are illustrated
in Fig. 11 and Fig. 12 respectively.

In contrast, Birsan etc. have used an earth’s magnetic field
simulator with the finite element geometrical structure fixed
and sine signals regularly varied with time to simulate the
effect of roll and pitch motion on ship magnetic signature [9].
Obviously, only two-degrees-of-freedom movement can be
simulated and the mode of two motion is limited.

V. CONCLUSION
The proposed simulation method can be applied in many
fields such as a magnetic test for a scientific spacecraft,
preliminary work for inversion in magnetic survey, and anal-
ysis of interference on high-precision magnetic instruments.
More complex functions can also be achieved by setting the
magnetic property of dipoles as a function of time, tempera-
ture or other physical parameters. The proposed method has
many merits for 3D ferromagnetic objects in complex motion
because the mesh division in the computational domain far
from the ferromagnetic objects is not required, which is
indispensable in other simulation software and results in
lower accuracy, tremendous computational time and large
numerical resources. In addition, it has one advantage than
common commercial or open-source software for static 3D
objects, that is to obtain accurate multiple-order magnetic
gradient tensors easily. However, the method can only be
used to obtain the magnetic signature outside a ferromagnetic
object.
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