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Abstract

In this thesis a problem proposed by the Laboratorio de Robótica y Control at E.T.S de Ingenieros de Telecomunicación is studied. The problem
was to design, optimize and control an electric motor based on liquid electrical connections for hyper-redundant configurations. Electromagnetism and
magnetohydrodinamics are studied and a variational formulation is chosen
to tackle the problem. Using different existing free software, a magnetic configuration is proposed and simulated. This configuration allows the use of
a liquid electrical connection not only as a connection but also as a source
of force. It is implemented in a prototype and significant aspects are tested.
With the information of simulations and experimental results, future lines
and improvements are proposed.

iv

Abstract

Chapter 1
Introduction
1.1

Aim of this thesis

This thesis is framed in the master titled “Master en Matemática Industrial”.
In the subject “Taller de problemas industriales” course, research groups and
industry propose problems where background in mathematics in industry are
required. In the master, among other things, numerical resolution of physics
and industrial problems are covered with focus on resolution in this kind of
industrial problems. This thesis is the result of one of the problems presented
in that course. It was proposed by the “Laboratorio de Robótica y Control”
at “E.T.S de Ingenieros de Telecomunicación”. The objectives proposed were:
to design a magnetic configuration able of generating a lineal movement of
an solid electric conductor surrounded by an electrical conductor, to model
and to simulate that actuator and to construct a prototype of the actuator.

1.2

Document layout

To tackle this problem the following structure has been followed.
• Introduction: In Chapter 1, the aim of this thesis is presented. Then
previous works done by the laboratory which proposed the problem on
this topic are presented. Later there is a brief state of the art about
topics related to which has to be solved and used as a reference to tackle
the problem. The research group is introduced as well of the research
1
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lines followed. The research line relative to this thesis is described as
well as the significance of solving the problem proposed and studied.
• Problem description: In Chapter 2, the problem is generally described
and objectives are defined for this thesis.
• Physical phenomenon present in the actuator: Chapter 3 the phenomenon which must be taken into account are analyzed and presented.
The equations which govern them are introduced.
• Physical and numerical models used for the resolution: In Chapter
4, the equations are reduced and simplified for its resolution and a
numerical model is defined.
• Software packages: In Chapter 5, the software used for the resolution
of the numerical simulations are presented. Its relation and usage is
defined.
• Results: Chapter 6 presents the final simulation is presented. The
simulations are made in two and three dimensions. A final construction
method is proposed along materials for the prototype. Experimental
tests are done on a the prototype.
• Conclusion: In Chapter 7, the results are summed up and futures lines
are proposed.

1.3

Previous works on Lorentz force linear actuators

There are plenty of linear actuators described, proposed and implemented
in the literature; many of them are based on Lorentz force . Nevertheless,
none of these actuators was suited for being the building block of artificial
muscles imitating the cell-tissue hierarchy presented in the thesis “Design and
Implementation of a Linear Actuator Based in Lorentz Force ” BSc thesis[9].
This MSC thesis is a development of the ideas and future lines presented
in that BSc thesis . In that work, the goal was to design a small, simple
and reliable linear actuator for the construction of hyper-redundant structures. Electromagnetic forces were decided to be used for its implementation.

3
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These structures were thought as groups of actuators, linear or not, to multiply the stroke or the force of a single actuator. This idea is advantageous if
each single actuator works as close as possible to its optimum working point
in terms of electrical power and load. It is achieved by activating different
sub-groups of actuators for different requirements in load and stroke. The
actuator motion was based in the magnetic part of the Lorentz force.
~
F~ = q~v × B
The magnetic field was set by permanent magnets. The term q~v is an
electric current generated from a potential loss between the actuator’s terminals. Liquid metal (galinstan) and solid metal (copper) were used as electric
conductors to carry the electric current. Galinstan was chosen because is
an eutectic alloy which fusion point is below the room temperature without
the toxicity or reactivity of other metals as mercury and N aK alloy. Several
prototypes where tested, ant two of them stood out. Those prototypes used
the liquid metal as a conductor outside the magnetic field and the solid metal
as the moving part inside the magnetic field. Moreover, an actuator where
electric currents flows through the conductor was also used as medium of
thrust.
Previous works on these kind of actuators were patented [10]. In that patent,
many different designs are proposed. One of them is tested in this thesis.

1.4

State of the art

In this actuator solid and liquid conductors coexist. The forces in solid
conductors are derived from Lorentz force and only needs the use of classic
electromagnetism for its definition. The problem of electric conductive fluids
in the presence of electromagnetic fields is classified in the magnetohydrodinamics (MHD) field. Works on this field started with Hartmann [11]. It has
been developed by astrophysicists since mid of the XX century [4]. MHD
theory is typically used in industry in applications such as electromagnetic
flow meters [21] or liquid metals pumps. MHD pumping is used industrially
synchronizing traveling magnetic fields produced by coils by AC currents
which produce a current in the fluid that interacts with the magnetic field
[3].
The areas of interest for the construction and optimization of this kind of

4
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motors is mainly the electromagnetic fields of low frequency and to a smaller
extent fluid mechanics because of the presence of a liquid conductor. The
coupling between both areas has to be considered if liquid electric conductor
fills a significant proportion of the actuator volume. At first, it is not decided
how much liquid conductor to used. Therefore the coupling is considered relevant and must be considered. The analytic resolution of electromagnetic
and fluid fields is only achieved for simple geometries, materials and initial
conditions [22],[20]. Therefore, this kind of problems are usually solved numerically.
In this field,there is abundant activity in research about the cooling of
nuclear fusion reactors using liquid metals [7] [12] [18]. This problems are
quite similar, since the behaviour of a liquid conductor in presence of strong
magnetic fields is studied. Therefore, methods and models used in resolutions
and analysis of fusion reactors cooling may be of interest for the resolution of
this problem. Nevertheless, these problems are more complex, they present
high temperature differences, turbulence and sometimes dynamos which are
not expected in the actuator. Hence, studies at room temperature with liquid
metals in simple geometries are of greater interest in toroids [23] and parallelepiped [19]. There are analytical solutions as well as good approximations
in literature to many geometries and MHD flows [17].

Nevertheless, analytical solutions are not always possible or easy to find.
Therefore, numerical solutions are usually seeked. There are commercial and
free software which apply numerical methods for the resolution of this kind
of problems. Free software stand out since can be tested and validated easily
and allow to share developments easier. Moreover, in general, it is possible
to modify the code and adapt the software to specific problem easier than in
a commercial software.
In the resolution of electromagnetic problems two codes are highlighted.
GetDP [8] and Elmer [1] for 3D simulation and Agros2D [14] for only 2D
simulations. All of them allow using finite element methods and coupling
between different fields, such as temperature and electromagnetic fields. In
fluid dynamics, OpenFOAM [24] stands out allowing the resolution via finite
volume methods. The coupling between both fields is achieved by the library
EOF-library [2] using an MPI interface between Elmer and OpenFoam.

1.5. LABORATORY DESCRIPTION

1.5

5

Laboratory description

The problem analysed in this thesis is proposed by the research laboratory named Laboratorio de Robótica y Control (Robolabo) of the Universidad Politécnica de Madrid at E.T.S. Ingenieros de Telecomunicación. This
laboratory works associated to the research group Generación Distribuida
Renovable y Control Inteligente (GEDIRCI). The laboratory belongs to the
Departamento de Tecnología Fotónica y Bioingeniería (TFB). Its research
lines include: system and automation engineering electric engineering and
electronic technology.
GEDIRCI works in autonomous and renewable electric generation, active
control of electric demand, distributed photovoltaic systems, robotics with
energetic autonomy and bioinspired and inteligent control systems. In ROBOLABO, they work specifically in monitoring, active management of electric
power demand, control systems, artificial intelligence, energy systems, swarm
robotics and rehabilitation robotics.
The problem presented is related to swarm robotics and rehabilitation robotics.
That is because the problem analyzed in this thesis is thought as a first step
to later develop a PhD thesis on artificial muscles. This muscles will work
using concepts similar to swarm robotics in which a muscle will be made
of many actuators which will work in cooperation such as cells in biological
muscles. These artificial muscles are postulated as an interesting tool for
rehabilitation robotics given its similarity to natural muscles.

6
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Chapter 2
Problem description
The problem studied in this thesis is based in a previous work where a linear
actuator called Lorentzito was defined [9]. This kind of actuator is thought as
a building block of hyper-redundant actuators which mimic biological mus~ field, an
cles. It consists of a magnetic structure to generate a magnetic B
~
inner electric conductor to carry an electrical current I perpendicular to the
magnetic field, a tendon to transmit the movement, a region that solves the
linkage problem and a case which contains all those elements.
Lorentzito is biologically inspired and follows a nerve-cell-tendon model which
mimics myocites, shown in Figure 2.1. In that block, the nerve is what transmits the signal that generates the low potential energy condition. The cell
is what moves and the tendon is what transmits the motion. Therefore, the
nerve is electrically connected to the cell and electrically isolated from the
tendon. The cell is mechanically attached to the tendon and mechanically
isolated from the nerve. The linkage problem is present since the cell-tendon
linkage should be as rigid as possible while the nerve-cell linkage should allow
free and independent movement of the cell while enabling a good electrical
connection to the cell. In a liquid electrical nerve-cell connection, electricity is transmitted through a liquid electrical conductor. Using that liquid
as a joint provides very low friction and high conductivity. This idea was
tested previously [9], but the liquid electric conductor was not immerse in
~ and I~ could not be
the magnetic field. If included, the orthogonality of B
guaranteed. Therefore, there was room for improvement.
7
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cell
nerve

nerve-cell linkage

cell-tendon linkage

tendon
Figure 2.1: Nerve-cell-tendon model

In this thesis, the problem studied is the inclusion of the liquid conduc~ field and using the electricity through to generate force. This
tor in the B
problem needs to reconsider former magnetic structures since Halbach configurations used for the existing Lorentzito is not suitable. Complex magnetic
field lines have to be set, so new structures have to be tested. For this purpose, a deeper analysis of physics, it solutions and simulations, was needed.
Therefore, the objectives pursued in this thesis are:
• To design a magnetic configuration that generates the linear movement
of a solid electrical conductor surrounded by a liquid electrical conductor.
• To model and simulate the actuator and to simulate and optimize its
operation
• To build a prototype of the actuator and implement simple control of
several actuators in a coordinated manner.
.

In order achieve these objectives some steps are proposed. This steps are
thought to reach a functional prototype as fast as possible. The design is
based on previous works and an analysis on physical phenomenon is done.
This analysis allows to focus in the most relevant physics and derives simplified equations to do computer simulations. Simulations allow to refine the
design and save time in prototyping. Finally the implementation is done and
simulations can be tested.

9
• Description of the fields: The equations that govern the problem will
be modeled. The coupling of fluids with electromagnetic forces will be
considered.
• Non-dimension and simplified equations: The equations will be written
in non-dimensional form to simplify the model and eliminate the less
relevant terms from them. This will speed up subsequent numerical
calculations without losing information about the behavior of the fields.
• Geometric description and operation: With the information from previous prototypes, a geometry must be chosen and the materials selected,
to analyze its operation in depth. Hence, fast electromagnetic simulations will be made to choose a magnetic configuration.
• Numerical simulation: Agros2D, GetDP and OpenFOAM software are
proposed for electromagnetic and fluid simulation. These simulations
will be used to optimize the magnetic configuration and geometry to
improve the efficiency, weight, cost and performance of the actuator.
• Implementation: With the result of the simulations, a prototype of the
actuator will be implemented to validate the simulations and check the
result of the work carried out..

10
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Chapter 3
Physical phenomena
The physical phenomena present in the actuator operation involves rigid
body mechanics, fluid dynamics, electromagnetism and thermodynamics. In
this section three spatial dimensions are considered. Nevertheless, describing
the physics in two dimensions (2D) allows faster simulations than describing
them in three dimensions (3D) and will be sought, as shown in Chapter 6
. The movement of the Lorentzito’s cell can be modeled as a rigid body
pushed by a force as well as the tendon if rigid enough. On the other hand,
the nerve-cell linkage is described mainly by electromagnetism and fluid dynamics. Thermodynamics effects are present in the whole Lorentzito. This
thesis is focused mainly in designing a magnetic configuration which creates
the low potential energy space explained in previous section. Therefore, rigid
body mechanics are not detailed. It will be considered that all the force exerted due to electromagnetic forces will be transmitted to cell and tendon.
Thermodynamic effects are inherently present in fluid mechanics in energy
equations, but under certain conditions that can be ignored without significance error. That being said, electromagnetism is the physical phenomena
of main interest in this thesis. Fluid dynamics are present in the nerve-cell
linkage and must be considered to evaluate its relevance.
The variables used in following equations are defined inTable 3.1 considering linear, homogeneous, isotropic materials with instantaneous response
to changes in electric field and magnetic field. That is a good approximation
as Lorentzito works on low frequencies.
11
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Table 3.1: Variables used in description of physical phenomena.
Symbol
t
~
E
~
D
P~
~
H
~
B
~
M
J~
J~S

µ
σ
η
ρV
ρS
q
~vq
~v
p
ρ
ν
γ

3.1

Name
Units
time
s
electric field
V /m
electric displacement field
C/m2
electric polarization
C/m2
magnetic field strength
A/m
magnetic field
T
magnetization
A/m
electric current density
A/m2
surface electric current density A/m
electric permitivity
F/m
magnetic permeability
H/m
electric conductivity
S/m
electric resistivity
Ω/m
volume electric charge density C/m3
surface electric charge density C/m2
electric charge
C
velocity of electric charge
C/m2
velocity of the fluid
m/s
pressure in the fluid
Pa
density of the fluid
kg/m3
kinematic viscosity of fluid
m2 /s
Heat capacity ratio
−

Dimension
1
3
3
3
3
3
3
3
3
1
1
1
1
1
1
1
3
3
1
1
1
1

Electromagnetism

The Maxwell equations fields are part of foundation of classical electromagnetism (EM). In Lorentzito, these fields cause a force on electric charges and
the Lorentz force must be considered. For the resolution of the equations,
boundary conditions and constitutive laws are needed. Boundary conditions
express the behaviour of fields and electric charges between different domains
and constitutive laws provide the behaviour of fields and charges in materials. Magnetization of these materials is relevant since permanent magnets
and ferromagnetic materials are used. Polarization can be included for gen-

3.2. ELECTROMAGNETIC EQUATIONS
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erality but is not present in the actuator as all materials are good electric
conductors or insulators.

3.2

Electromagnetic equations

Maxwell equation, here written in its differential form, describe the propagation of electromagnetic fields in materials. The Gauss’s law in Equation
3.1,the Gauss’s law for magnetism in Equation 3.2, the Maxwell–Faraday
equation in Equation 3.3 and the Ampère’s circuital law (with Maxwell’s
addition) in Equation 3.4.
~ = ρV ,
∇·D

(3.1)

~ is the electric displacement field, ρV the
where ∇· is the nabla operator, D
volume charge density,
~ = 0,
∇·B
(3.2)
~ the magnetic field,
B
~
∂B
~ = 0,
+ ∇ × (E)
∂t

(3.3)

~ the electric field.
E
~
∂D
~ = −J.
~
− ∇ × (H)
∂t
~ the magnetic field strength and J~ the electric current density.
H

(3.4)

~ and H
~ on materials. The electric
Constitutive laws express the effect of E
response is depicted in Equation 3.5.
~ = E
~ + P~ ,
D

(3.5)

where  is the electric permitivity and P~ is the polarization. The magnetic
response is in Equation 3.6
~ = µ(H
~ +M
~ ),
B

(3.6)

14

CHAPTER 3. PHYSICAL PHENOMENA

~ is the magnetization.
where µ is the magnetic permeability and M
The response to electric currents due to Ohm’s law in Equation 3.7,
~ + ~vq × B),
~
J~ = σ(E
(3.7)
where J~ is the electric current density, σ is electric conductivity and ~vq is the
velocity of electric charges.
Considering a surface with normal vector ~n, defining one side of the field
00 00
as + and the other as 00 −00 the interface and boundary conditions are stated
[5]. The magnetic field is is tangential to the surface as depicted in Equation
3.8 and the electric field is normal to the surface as described in Equation
3.9.
~ + · ~n + B
~ − · ~n = 0,
B

(3.8)

~ + × ~n + E
~ − × ~n = 0.
E

(3.9)

The surface charge and electric currents can be present in that surface as
denoted by Equation 3.10 and Equation 3.11 respectively.
~ + · ~n + D
~ − · ~n = ρS ,
D
(3.10)
~ + × ~n + H
~ − × ~n = J~S ,
H

(3.11)

where ρS is the surface electric density current and J~S is the surface density
current. Finally, the Lorentz force in Equation 3.12 describes the force on
electrical charges in presence of electromagnetic fields.
~ + q~vq × B,
~
F~ = q E

(3.12)

where q is the electric charge in pulled by the force. For the resolution of
this equations field potentials for electric and magnetic field can be used.
An initial electric field will be defined by electric potential difference set
between conductor electrodes of Lorentzito. The electric potential will be
set to zero in the infinity and zero external electric field will be considered.
The magnetic field will be defined by permanent magnets and ferromagnetic
materials as an initial condition too as well as the initial electric current which
operates the Lorentzito. Magnetic potential defined in Section 4.2 will be set
to zero in the infinity. In domains made up of different materials, boundary
conditions must be defined to get a uniqueness in solution. Initial conditions
could be necessary for non-static problems. One initial condition is implicit
in Equation 3.2 because of the impossibility of a magnetic monopole.

3.3. MHD FIELDS

3.3
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MHD fields

In previous prototypes of Lorentzito, the liquid metal was only used as an
electric conductor. The electric current passing through it did not exert
any useful force in the actuator. Previous prototypes were only modeled by
Lorentz force. It was a valid approximation, as the liquid metal was not
permeated by a magnetic field. Nevertheless, to lighten the actuator and get
profit of any electric current present, liquid metal as a thrust medium was
proposed. One of the objectives of this thesis is to design a Lorentzito which
uses these currents on the liquid metal to develop work.
Although liquid conductor is present, in the design proposed, force is
mainly caused by electromagnetic forces the solid conductor but . Therefore,
in order to describe the behaviour of the actuator, the couple of electromagnetic and fluid fields should be analyzed.
This field is widely known as magnetohydrodinamics. In Chapter 6, MHD
is not simulated because it adds a complexity which exceeds the scope of
this thesis. Nonetheless, simulations of the electromagnetic phenomena was
considered enough to solve the problem proposed in this thesis. Nevertheless,
its description is relevant for the behaviour of a the Lorentzito proposed.

3.4

Magnetohydrodynamics equations

The MHD field will be only considered in the liquid electric conductor. Therefore, magnetization present in Equation 3.6 and polarization in Equation 3.5
are neglected. As the fluid is in a sealed duct and its characteristic length and
variation in temperature are small, gravity can be neglected from the model
in the momentum conservation. Fluid is not a perfect conductor neither a
perfect fluid, so electric resistivity and viscous effects must be considered.
To define the equations, an Eulerian frame of reference is considered, which
could not be the right one for its numerical resolution but compresses equations. Finally, some assumptions are made on the Maxwell equations.
Maxwell’s displacement current is negligible [O(v 2 /c2 )] for non-relativistic velocities as well as electrostatic acceleration [O(v 2 /c2 )]. This can be proved by
a dimension analysis which does not depend on the geometry of the actuator.
It is enough to consider that the electric conductors are not perfect. Being
 the electric permitivity of vacuum, d the characteristic length, v the drift
velocity of charges and µ the magnetic permeability of the fluid. Maxwell’s

16
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displacement current is neglected from Equation 3.4. The displacement cur~
~ ∼ B/(µd).
rent term ∂∂tD ∼ vB/d and the magnetic term by ∇ × H
The ratio of both terms is
~
∂D
~ ∼ v 2 /c2 .
/(∇ × H)
∂t
~ has been neglected too.
Therefore, in Lorentz force the electric term q E
That can be deduced from the order of the terms of the Lorentz force:
~ ∼ 0 E 2 /d ∼ 0 B 2 v 2 /d
qE
and
~ ∼ B 2 /µd.
J~ × B
The ratio of both terms is
~ J~ × B
~ ∼ v 2 /c2 .
q E/
In both, the neglected term is of order [O(v 2 /c2 )] which is very low since
drift velocity in electric conductors at room temperature is much lower than
light velocity c.
For the resolution of equations, it is useful to solve a few primary variables
~ will be
and calculate other variables when possible. The electric field E
~ through Ampère law in Equation 3.13
expressed by the magnetic field B
without the Maxwell term to reduce the number of variables.
~
∇×B
~
= J.
µ

(3.13)

Using this result and the Ohm’s law defined in Equation 3.7 the electric
~ can be defined as:
field E
~
~
~
~ = η(∇ × B) − (∇ × B) × B ,
E
µ
where η is the electric resistivity. The MHD equations can be depicted
by a variation of fluid equations derived from conservation principles. The

17
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Equation 3.14 represents the mass conservation where
variations of velocity and ρ~v the mass flux.

∂ρ
∂t

is the temporal

∂ρ
+ ∇ · (ρ~v ) = 0.
(3.14)
∂t
Equation 3.15 describes the momentum conservation. Viscous conserva∂
~ ×B
~
tion of momentum where ∂t
+ ~v · ∇ is the material derivative, (∇ × B)
the Lorentz force, ∇p the pressure gradient, ρν∇2~v the viscous term and f~
represents Non-electromagnetic volume forces.


~ ×B
~
∂
(∇ × B)
ρ
+ ~v · ∇ ~v =
− ∇p + ρν∇2~v + f~.
(3.15)
∂t
µ
Equation 3.16 describes the energy conservation:
∂w
+ ∇ · ~s = 0.
∂t
The energy density is represented by
w=
2

(3.16)

ρv 2 B 2
p
+
+
,
2
2µ γ − 1
2

p
where ρv2 is the kinetic energy, B2µ is the magnetic energy and γ−1
is the
intern energy. The electric energy is not considered because materials are
good insulators and conductors and electric energy is not stored in this kind
of materials. The energy flux is represented by:

~s =

~ − (∇ × B)
~ × B)
~ ×B
~
p
(η(∇ × B)
ρv 2
~v +
~v + p~v +
,
2
γ−1
µ2

ρv 2
p
~v the kinetic energy flux, γ−1
~v the intern
2
~
~ B)×
~ B
~
(η(∇×B)−(∇×
B)×
the Poynting vector.
µ2

where

energy flux, p~v is the work

and
The Faraday-Maxwell law in Equation 3.3 can be expressed using only
~ in Equation 3.17 and the Lorentz force in Equation 3.12
the magnetic field B
can be expressed as in Equation 3.18.


~
∂B
1
~
~
~
= − ∇ × η(∇ × B) − (∇ × B) × B .
∂t
µ

(3.17)

 2
~ ×B
~
~ · ∇B
~
(∇
×
B)
B
B
~ =
J~ × B
=
−∇
.
µ
µ
µ

(3.18)

18

CHAPTER 3. PHYSICAL PHENOMENA

No slip in walls condition will be considered For the resolution of the fluid
field in addition to conditions mentioned in for electromagnetic equations in
Section 3.2.

Chapter 4
Physical and numerical models
As aforementioned, the MHD field is of interest for Lorentzito but out of
scope of this thesis. Nonetheless, electromagnetic field simulation is considered a good enough approximation. This is because the majority of the
volume designated for the electrical conductor is filled with a solid and solids
present stable and predictable behaviour. Therefore, the design is simplified.
Moreover, solid electric conductors usually have less resistivity than liquids.

4.1

Simplification and formulation of EM

In this step, the goal is to simulate the magnetic structure proposed to ensure
that the orthogonality to I~ and the desired movement of the fluid are good
enough. Therefore, only the structure defined by the permanent magnets and
ferromagnetic material is simulated, resulting in a magnetostatic problem. A
magnetostatic problem supposes the current density J~ as a time independent
~r =
variable. To include the presence of permanent magnets, a remanence B
~
~
~
µM . This defines the problem as finding H and B satisfying the Ampère
law, being J~ext the current which will operate the actuator:
~ = J~ext ,
∇×H

~ = 0,
∇·B
~ = µH
~ +B
~ r.
B
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Formulation in magnetic vector potential

For the resolution of the equations, it is useful to solve a few primary variables
and calculate other variables when possible. On this regard, an auxiliary
~ is defined as the magnetic vector potential. As ∇ · B
~ = 0, then
virtual field A
~
~
~
a vector field A and a scalar field φ exist, which verifies B = ∇×(A+∇φ). To
~ the Coulomb’s gauge is chosen which states ∇ × A
~=
uniquely determine A,
0. This gives Equation 4.1 which will be used to simulate the Lorentzito
magnetic field and Lorentz forces.
∇×

4.3

~−B
~ r)
∇ × (A
µ

!
= J~ext .

(4.1)

Weak formulation

A detailed demonstration of the weak formulation chosen is found in Refer~ ∈L
~ 2 (Ω), Ω of class C 1,1 or convex, then A
~∈H
~ 1 (Ω).
ence [5]. Considering B
~ Ω) ∩ H(div,
~ ∈ H(
~ curl,
~
~ =
Introducing the function space V = {A
Ω), div A
~ × ~n = 0 on Γ} and a test function φ in V, the weak formulation is
0, A
~ in V such that
defined as: Find A
Z
Ω

4.4

1
~−B
~ r ) · φ dV =
∇ × (A
µ

Z

J~ext · φ dV

(4.2)

Ω

Nondimensionalization of the equations MHD

Dimensions of the actuator must be defined before the nondimensionalization. In Lorentzito, the minimum size is pursued. However, the construction
of magnetic structures below the millimeter scale is too complex for the construction of a first prototype. In this first approximation, optimal sizes of
ducts and elements are not intended. Following simulations and optimizations will shape the final dimensions. Figure 4.1 is the front view of the
~
actuator, where dimensions for the first nondimensionalization. Depth in Z
direction is 10 [mm]. MHD equations are considered in the gap of 2.5 [mm]
which is filled with the liquid metal.
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Figure 4.1: Dimensions in the front view of the actuator.
• Mass conservation:

∂ρ
+ ∇ · (ρ~v ) = 0.
∂t
Velocities of the fluid will not be very fast and shocks waves are not expected.
Therefore, changes in density are considered null and the non-dimensional
equation of mass, being ~v the velocity of the liquid metal, will be:
∇ · (~v ) = 0.

(4.3)

As an incompressible fluid, the equation of the momentum conservation is
defined as:


∂
ρ
+ ~v · ∇ ~v = J~ × B − ∇p + ρν∇2~v .
∂t
~ the magnetic
where ρ the liquid metal density, ν the kinematic viscosity, B
field set by permanent magnets plus the induced magnetic field due to electric
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~ p the pressure of the liquid metal and ~v its velocity. Any force
currents (J),
of non-electromagnetic nature f~ has been neglected since the flow is sealed
in a duct and there is no gravity effects due to buoyancy.
Scales are chosen to nondimensionalization of the equation: the characteristic
length L, the characteristic velocity v0 , the characteristic time t0 and the
characteristic magnetic field B0 . Thus, ~v → ~v v0 , ∇ → ∇L−1 , t → tL/v0 ,
~ → BB
~ 0 , p → pρv 2 and J~ → σv0 /B0 . Defining the Reynolds number,
B
0
which represents the ratio of inertial to viscous forces, as R = v0νL and the
Stuart number, which gives a measure for the ratio of the electromagnetic to
σLB 2
the inertial force, as N = ρv0 0 , the ratio of these forces is expressed by the
q
√
σ
:
Hartmann number as Ha = N R = LB0 ρν
• Nondimensional momentum conservation equation
∂
1
~v + (~v · ∇)~v = N (J~ × B) − ∇p + ∇2~v .
∂t
R
For the induction equation, we apply the curl-operator on Ohm’s law for
moving fluids and then substitute the electric field and the current density
~ field solenoidal and the fluid
by using Faraday’s and Ampere’s law, being B
incompressible, the induction equation is obtained as:
~
∂B
~ = 1 B
~ + (B
~ · ∇)~v
+ (~v · ∇)B
∂t
µρ
Scales are chosen to nondimensionalization of the equation. ~v → ~v v0 , ∇ →
~ → BB
~ 0 . Defining Rm = µσLv0 as the magnetic
∇L− 1, t → tL/v0 , B
Reynolds number:
• Nondimensional induction equation
~
∂B
~ = 1 B
~ + (B
~ · ∇)~v
+ (~v · ∇)B
∂t
Rm
Finally the temperature equation is necessary for a complete definition of the
MHD system. This equation is derived from the total energy in a volume, as
shown in Reference [17]:


∂
1
ρcp
T + (~v · ∇)T = ∇ · (λ∇T ) + J~2 + φ + Q.
∂t
σ
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where ρ is the liquid metal density, T its temperature, cp its heat capacity
and λ its thermal conductivity. Therefore, the thermal diffusivity is defined
as κ = λ/(ρcp ). J~ is the electric current density and φ is the loss of kinetic energy due to viscous dissipation.Finally, ~v is the liquid metal velocity.
Radiation and chemical reactions Q are neglected and neither weak molecular non-equilibrium effects such as magnetization, polarization or Peltier,
Thompson, Seebeck and Doufour effects [6].
Some scales are chosen to set dimensionless variables: the characteristic
temperature T0 and the characteristic heat due to radiation and cuemical reactions Q0 . Thus, T → T ∆T0 , φ → φφ0 and Q → QQ0 . Defining
P e = ρcpλv0 L as the Péclet number, P = P e/R = ν/κ as the Prandtl number
and Ec =

v02
cp ∆T0

as the Eckert Number, the dimensionless equation is:
1 2
∂
T + (~v · ∇)T =
∇ T + EcN J~2 + φ.
∂t
Pe

Nevertheless, no significant variation in temperatures is considered in Lorentzito that means that T terms can be neglected as well as Joule dissipation.
The only energy transfer mechanism is due to kinetic and electromagnetic
energy which are not relevant for the resolution of the problem because they
are redundant equation derived from other conservation equations. Using
the scales and simplifications defined before, the remaining equations are as
follows:
• Nondimensional Ampère’s law
~ = Rm J~
∇×B
• Ohm’s law

~
J~ = σ(−∇φ + ~v × B),

where ~v is the velocity of the fluid and σ is electric resistivity of the
liquid metal. This equation is only valid under certain conditions. The
magnitude of velocity v must be much smaller than the speed of light c, i.e.
v/c << 1 so the Hall effect is neglected. Finally, the charge carriers move
within the conductor without inertia, i.e. electric displacement currents, can
be neglected and there are no thermo-electric voltage sources [17]. All of
these conditions are satisfied in Lorentzito.
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• Conservation of charge

∇ · J~ = 0

This equation is valid since materials in Lorentzito are good electrical conductors or insulator. Therefore, electric charge is not accumulated in the
domain of interest.

4.4.1

Dimensionless numbers in MHD

To analyze the simplification of the equations, characteristic dimensions must
be defined from the problem. It is important to notice that this dimensions
correspond to the fluid behaviour so it has to be set considering only the
fluid domain. The characteristic length is chosen as the length of the square
~ That is because the section in direction
conductor section in direction X.
~
Y can be built partially with a solid electric conductor. Solid metals such
as copper or silver are better electric conductors than metal liquids at room
temperature. A fluid conductor is only necessary in the linkage solution so
the maximum possible volume of this section should be filled by a solid conductor. From Figure 4.1, characteristic length is set as L = 2.5 · 10−3 [m].
Before setting other variables is necessary to define a characteristic electric
current of operation for the actuator. As the electric resistivity is very low,
big currents can be achieved without significant heating. Therefore, ∆T ∼ 0
∂
T ∼ 0. For the tests I = 10[A] is set. The characteristic velocity
and ∂t
is chosen because of the behaviour of previous prototypes of Lorentzito operating at that electric current. By means of video techniques, a medium
velocity during a full stroke at 10[A] is measured, giving v0 = 10−1 [m/s].
With velocity and length a characteristic time t0 = 2.5 · 10−2 [s] is defined.
To define the remaining numbers, some materials have to be chosen.
The solid liquid conductors will have a conductivity similar to the galinstan conductivity σ = 3.46 · 106 [1/(Ωm)]. The density of the galinstan
is ρ = 6440[kg/m3 ]. The specific heat capacitance of galinstan is cp =
296[J/(kg K)] and its thermal conductivity λ = 16.5[W/(m K)]. Finally
the kinematic viscosity of galinstan is ν = 3.72 · 10−7 [m2 /s]. The magnetic
field of strong permanent magnets is chosen as characteristic magnetic field
B0 = 1[T ] and magnetic permeability of the galinstan µ = 1.25 · 10−6 [H/m].
Once the scales of the electric potential are chosen φ0 = Lv0 B0 = 2.5·10−4 [V ],
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the induced electric density current J0 = σv0 B0 = 2.89 · 10−8 [A/m2 ] and the
pressure as p0 = ρv02 = 64.4[P a]. The scales are summed up in Table 4.1.
Symbol
L
I
v0
t0
σ
ρ
cp
λ
ν
B0
µ
φ0
J0
p0

value
2.5 · 10−3
10
10−1
10−2
3.46 · 106
6440
296
16.5
3.72 · 10−7
1
−6
1.25 · 10
2.5 · 10−4
2.89 · 10−8
64.4

units
m
A
m/s
s
1/(Ωm)
kg/m3
J/(kg K)
W/(m K)
m2 / s
T
H/m
V
A/m2
Pa

name
length
characteristic electric current
velocity
time
electric conductivity
density
specific heat capacitance
thermal conductivity
kinematic viscosity
magnetic field
magnetic permeability
electric potential
induced electric density current
pressure

Table 4.1: Characteristic values for dimensionless numbers in MHD equations.

Dimensionless numbers can be defined with this quantities. Those numbers
will give information about turbulence of the flow and which term can be
neglected in the equations without loosing accuracy in the behaviour of the
phenomena. No increment variation of temperature is expected as explained
in Chapter 6. Therefore, Eckert number and Péclet number have no meaning
as temperature equation is not needed to model the MHD behaviour. This
assumption is later checked in Section 6.3.
v0 L
= 672.04
ν
Reynolds number is low. Low-Reynolds-number flows are those in which viscous forces within the fluid play a very small part compared with inertial
forces. Consequently, the flow can be considered laminar. This is desirable
R=
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because turbulence will dissipate energy and will make Lorentzito less efficient and predictable. Moreover, the numerical resolution of laminar flow
equations is faster and many times can be validated with analytical results.
r
σ
= 95
Ha = LB0
ρν
Hartamnn number is low. A low Hartmann number means less brake of
the fluid due to induced Lorentz force [17]. This is desirable in Lorentzito.
~ field must be as high as possible to generate MHD pumping, but it will
B
increase the Ha number. Changes in conductivity, viscosity and density of
the fluid are very limited because of the scarcity of options as metal liquid
conductors. Therefore, only characteristic length can be chosen. It should
be as little as possible to reduce the Hartmann number which adds up to the
aim of making Lorentzito as small as possible.
N=

σLB02
= 13.43
ρv0

Interaction number is not low enough to neglect MHD effects in turbulence
[25]. Nevertheless, compared with Reynolds number is high enough to overcome the viscous forces [16], which is desirable in MHD pumps.
Rm = µσLv0 = 1.08 · 10−3
Magnetic Reynolds number is very low. Therefore advection is relatively
unimportant, and so the induced magnetic field will tend to relax towards
a purely diffusive state, determined by the boundary conditions rather than
the flow. Therefore there is no dynamo effect. That is desirable for two
reasons: the magnetic field is set only by the magnetic configuration of the
Lorentzito, the actuator is more predictable and controllable. Moreover, if
turbulence was present it could be analyzed by a quasi-static model [15].
This numbers allow the simplification of equations and the acceleration
of numerical calculations. This analysis is helpful for the characterization of
fluid flow, electric currents and Lorentz forces present. Nevertheless, a numerical analysis has not been done. That is because it is simpler to solve fluid
and electromagnetism in different robust codes and coupling both solutions
in the resolution of this fields.
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Numerical model for EM

As aforementioned, MHD fields are not considered in simulation. Therefore,
only the electromagnetic domain is going to be considered, simplifying the
problem resolution. If fluid behaviour would be solved, it is advisable to use
two different tested models, one for the fluid such as finite volume method
(FVM) and other for the electromagnetism. Both models would be coupled
during the resolution. That is because these fields have many different characteristics and using different grids and methods would enhance speed and
accuracy.
For electromagnetic problems, FEM is widely used to approximate solutions
of PDEs. It has been widely used for analysis of electromagnetic fields in
antennas, radar scattering, RF and microwave engineering, high-speed/highfrequency circuits, wireless communication, electromagnetic compatibility,
photonics, remote sensing, biomedical engineering, and space exploration
[13]. It is intended to use an existing solver. Therefore, the numerical model
selected will be determined by options already implemented in that code.
Considering a three dimension problem in space, for each node there are
~ to be calculated in more than a million of nodes.
three spatial variables of A
Using a two dimension simplification of the problem will be useful to accelerate the calculations. Nevertheless, non-linear solvers are considered a
better option because of the big number of degrees of freedom even in 2D
simulations.
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Chapter 5
Software packages
Two different free software have been used to simulate the fields of the implemented prototype. Firstly, a three dimension software to test the resultant
fields and the validity of the geometry proposed. Secondly, a two dimension solver to optimize geometry and define a final prototype. Both software
solvers are based on a weak formulation of the magnetic potential explained
in Chapter 4. They allow extra terms in that formulation but they will not be
used in the problem studied. Nevertheless, they do not allow the resolution of
fluids. That is not a downside for studying the forces on the Lorentzito, if the
conductor metals are mainly solids, which is the case. Therefore geometry
of the Lorentzito can be evaluated well enough using only electromagnetic
fields as a first approximation.
In three dimensions, GetDP as a solver and Gmsh as a mesh generator have
been chosen. GetDP is a FEM solver very appropriate for solving electromagnetic problems. The magnetostatic module is used to test if magnetic
field lines are similar enough to a possible two dimension simulation. After
the simplification to a two dimension problem is checked as valid following
simulations are performed in two dimensions.
For two dimension analysis, a simpler and faster software is chosen. It is
Agros2D, a FEM solver too based on magnetic vector potential. It allows
to generate the whole case: equations definitions and solvers, geometry generation, meshing and postprocesing results. It is thought as a multiphysics
software but in this example only the magnetic field package is going to be
used. That package is allows a transient analysis and other features that will
29
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not be used. Agros 2D has direct and iterative solvers integrated. In this
case the number of degrees of freedom is high enough to consider using an
iterative solver to save time.

Chapter 6
Results
Several configurations have been tested to reach a satisfying solution. All
version simulated are not shown as all conclusions and progress are shown in
the final version. The optimization of the actuator has been accomplished
using computer simulations similar to the simulations shown in this thesis.
The methodology followed is illustrated in Figure 6.1.

Figure 6.1: Methodology followed to study the problem.
Firstly, new ideas are developed from already implemented prototypes.
After an idea is chosen, a concept of a possible geometry is defined in CAD
31
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and meshed. After that, the idea is simulated in detail in three dimensions.
This detailed simulations give information of possible optimizations of the
simulation and show the behaviour of the physics. If the physics does not
solve successfully the problem, the knowledge acquired is used to develop
a new idea. If this first simulation is good enough, an analysis is done to
simplify the simulation and develop the idea. This simplifications involve
using geometry symmetries and physics analysis to speed up simulations.
This speed ups allow to develop the idea faster. The geometry is refined and
simulated until the idea is considered evaluated. If the implementation is
not possible, the knowledge acquired is again used to develop a new idea.
If it is possible a prototype is implemented and tested. Finally, if tests are
consistent with simulations the problem is considered solve and future developments are proposed. If there is no consistency, the whole process must
be repeated. After some iterations of this loop the problem was considered
solved and results are presented hereafter. A geometry, physics model, numerical model, simulations and tests were performed.
The interior geometry analyzed is shown in Figure 6.2. The X, Y, Z are
going to be used a reference to describe fields and tests in this thesis. Top
~ direction. These
and bottom planes are not shown but must be present in Z
~ direction and are of the size of the green geometry,
planes are present in Z
close the structure and make it airtight. The golden, blue, red and gray
elements present in the figure form a rigid body. The volume between the
green element and the rigid body is filled with a conductive liquid metal,
not shown in the Figure, and a rigid conductive metal colored in orange.
The longer orange regions will be called lateral conductors and the shorter
central conductors. The grey bars are a ferromagnetic material. The golden
~ direction, which will be
geometry is a permanent magnet magnetized in X
~
called magnetic source. In blue, two permanent magnets magnetized in Z
~
direction and in red one magnetized in −Z direction. Blue and red magnets
form what will be called magnetic trap. It allows the transmission of movement to a magnet through a solid wall. That is necessary because the liquid
metal must be sealed in the actuator. The liquid and solid conductors carry
~ direction. This electric current, in presence of the
the electric current in −Z
magnetic field of the golden magnet and the ferromagnetic blocks, generates
~ direction
a movement in the inner structure. If the electric current flows in Z
~ direction. If the electric current flows
the structure will be pushed in −Y
~
in −Z direction the structure will be pushed in Y~ direction. This allows

33
movement in two directions a feature not always present in linear actuators.
Red and blue magnets transmit the movement through the walls to other
magnets which will push the load.

Figure 6.2: Final geometry for a Lorentzito
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Geometry and magnetic field considerations.

In this section, the magnetic field pursued will be discussed. Firstly, it is
~ and the
important to notice from Equation 3.12 that the magnetic field (B)
~ should be as orthogonal as possible. The Lorentz force
electric current (I)
will be orthogonal to both of them.
The geometry of the duct should be constrained to provide an easy flow
for the liquid metal. The path of the electric currents depends a lot on geometries. For this thesis, the electric current will be sought as constant as
~ This is achieved by two paralleled plane conductors
possible in direction Z.
on which an electric potential difference is applied homogeneously.
That being said, the next important fact is that, to avoid spills, the liquid
metal must be sealed inside a leak-proof container. That means that fluid
movements should describe a pure rotational field. As the fluid movement
~ field and I~ field, being I~ a field
is the result of the cross product of the B
~ can’t be made of parallel vectors. Moredescribed by parallel vectors, the B
~
over, as B field lines are by definition closed, parallel vectors are not possible
without wasting magnetic energy. Considering that, the liquid has to flow
~ field must be contained in the
in a duct with an axis and the vectors of B
normal plane of that axis to generate a force on the fluid which does not
push against the duct walls.
From previous assumptions, the first thing to do is to define the duct where
the metal liquid flows. The flow have to exert a force on an element resulting
in a linear movement. As flow lines must be closed, the simplest way is to
make the fluid to circulate in one direction of a line.
Considering the I~ field straight, as mentioned before, to generate a flow in
~ field must be orthogonal to the fluid flow.
the duct without losses the B
The field needed for this purpose must be produced by a magnetic monopole,
which hasn’t been found in any physical system. Therefore an approximation
to monopole has to be designed or the electric current field have to be different. Modifying the electric current will add complexity compared to using
two parallel conductor planes to set a straight current. An approximation to
a magnetic monopole can be achieved by using only a volume partition of a
cylindrical magnet magnetized in direction of its radius. The problem is that
these kind of magnets cannot be built. Considering the Ampere model for
magnetism, there is no possible current flow that can exist in that volume
~ field required. The current loop should go through the
which produce the B
magnet and precludes a continuous magnetization. Moreover, using only a
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volume partition will waste magnetic energy of the permanent magnet.
Therefore different ideas must be explored. Instead of using one family of
closed magnetic lines, two families can be used. The closed lines can overlap in a region compressing the magnetic structure. That magnetic field
implemented, shown in Figure 6.10.
Using magnets, a portion of the desired field can be obtained. Nevertheless to get the desire field, magnetic sources are not enough. It is mandatory
to redirect the field lines somehow to get the orthogonality in all the axis of
the duct and the direction of the fluid movement.
The way to do it is by using ferromagnetic materials. Those materials allow
to define new magnetic configurations. That is because, unlike magnets, it’s
magnetic polarization can be defined not only by external currents but also
by external magnetic fields. This magnetic fields twists magnetic domains
in those materials aligning them. As the geometry of the ferromagnetic material twists, the polarization following the ferromagnetic domain twits too.
This feature is not achievable by electric currents and, accordingly to the
Ampere model, neither by the magnets (permanent or non-permanent).By
using these materials, a magnetic field can be set to achieve a two loop fluid
impulsed by an straight I~ field. The final geometry is shown in the Figure
6.2.
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3D simulation

The GetDp magnetostatic solver and Gmsh mesh tools has been used to
simulate the geometry in three dimensions. MATLAB has been used for the
visualization of slices.
~ field in simulations has been sliced in fifty XY planes to test
Results of B
variations along Z axis. If differences are small the case can be simulated in
the center plane and therefore in two dimensions. This approximation can
speed up the simulations and allows to optimize faster as well as using less
resources. The bigger differences appear between a plane in the center of
the actuator and a plane in the edge of the geometry, which will be called
central a edge slice respectively. The difference between the center plane and
lateral planes will estimate the error made in a 2D simulation. This error is
evaluated in the three spatial dimensions BX , BY and BZ hereafter.

(a)

(b)

Figure 6.3: BX value at edge slice in Figure 6.3a and central slide of the
actuator in Figure 6.3b
Figure 6.3a and Figure 6.3b show BX in an edge slice and a central
slide respectively. The difference is shown in Figure 6.4. This component is
relevant around the central conductors since X component prevails and will
drive the force.
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Figure 6.4: Absolute difference between BX in central and edge slice

The bigger differences in BX appear in the magnetic field source. Nevertheless, this region does not carry electric current so Lorentz forces will
not be present. Field differences in the conductors areas are not significant.
Therefore, BX can be approximated in a 2D simulation.

(a)

(b)

Figure 6.5: BY value in edge slide in Figure 6.5a and central slice of the
actuator in Figure6.5b
Figure 6.5a and Figure 6.5b show BY in an edge slice and a central slide
respectively. The difference in absolute values is shown in Figure 6.6. This
component is relevant around lateral conductors region.
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Figure 6.6: Absolute difference between BY in central and edge slice

The bigger differences in BY appear in the magnetic trap and in the
magnetic source. Both regions do not carry electric current so BY can be
approximated in a 2D simulation.

(a)

(b)

Figure 6.7: Bz value in edge slide in Figure 6.7a and central slice of the
actuator in Figure6.7b
Finally, Figure 6.7a and Figure 6.7b show BZ in an edge slice and a
central slide respectively. The difference in absolute values is shown in Figure
6.8. This component allows a two dimension study if differences are small
in electric conductors region. Furthermore, it is relevant for neglecting the
magnetic trap.
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Figure 6.8: Absolute difference between BZ in central and edge slice
The bigger differences appear in the ferromagnetic and magnetic materials
which does not carry electric current. There are small differences around the
lateral and central conductor regions. In a 2D simulation the energy in BZ
will not be considered. Therefore, approximating all slices by the central
slice, BX and BY will be bigger than in a real case. This will cause an
error predicting higher Lorentz forces contributing to movement. Finally, the
magnetic trap has no effect in the conductors area so it can be not included
in 2D simulations.

6.3

2D simulation

Once two dimension simulation is considered good enough, the simpler software Agros2D is used. The parameters of the simulation have been chosen
to get good enough and fast simulations. The analysis has been steady. The
solver uses Newton’s Method with a relative change of solutions of 0.1%, an
automatic damping control by a minimal residual ratio factor of decrease of
1.2 and a minimum number of steps for factor increase of 1. The Jacobian will
be reused when possible with a maximum residual ration for Jacobian reuse
of 0.8 and maximum steps with the same Jacobian of 20. The matrix solver
used has been MUMPS. The mesh has been chosen triangular of polynomial
order 2 and a number of refinements of 2. Elements are small enough to capture magnetic field variations and the fields calculated are smooth enough
cell size is considered small enough.
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In this simulation a structure which holds all elements is included as it will
be present in tests, explained in Section 6.5. Sizes of all material are preserved as in Figure 4.1. A boundary condition of magnetic potential is set in a
square far enough from the actuator. The former blue and red magnets of the
magnetic trap are not included since its field is neglected by the surrounded
magnet as seen in Section 6.2. For the definition of the simulation several
material’s property must be set: relative magnetic permeability to vacuum
(µr ), electric conductivity (σ), magnetic remanence (Br ), orientation of that
magnetic remanence (α) and electric density current (Jext ). Figure 6.9 shows
the materials definition. N dF eBN 45, shown in Figure 6.9a, has been chosen
as the magnetic source. In Figure 6.9c Copper, chosen as the solid conductor
is red and Galinstan, chosen as the liquid conductor, is yellow. Finally Iron,
chosen as the ferromagnetic material, is shown in Figure 6.9b.

(a) Magnet.

(b) Iron.

(c) Electric conductors.

Figure 6.9: Magnetic and electric materials in Lorentzito.
An electric current of 10[A] is set in the conductor region. Nevertheless,
the simulation code requires to define electric currents as electric current density. In the assembly all materials except electric conductors are electrically
isolated. Therefore, considering the solid and electric conductor, the equivalent circuit can be defined by two resistors in parallel. Electrical resistance
in a homogeneous material is
R=

l
,
Aρ

where l is the length of the material in the direction of electric current, A
is the cross-sectional area and ρ the electric conductivity of the material.
The equivalent circuit is two resistors in parallel Rc and Rg , for copper and
galinstan respectively. Both conductors have the same l and section of copper
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and galinstan is calculated from dimensions on Figure 4.1, Ag = 155[mm3 ]
and Ac = 370[mm3 ] respectively . Conductivity of copper and galinstan is
ρc = 5.7 · 107 and ρg = 3.4 · 106 respectively . Comparing electrical resistivity:
Rg
ρc Ag
=
= 7.02.
Rc
ρg Ac
Therefore, density current will be seven times higher in copper. Total resistivity is
7.02Rc Rc
Rc Rg
=
= 0.88Rc .
RT =
Rc + Rg
7.02Rc + Rc
Hence, 88% of current will through copper which gives a current density of
10 · 0.88
[A/m2 ] = 23783[A/m2 ].
370 · 10−6
Current density in galinstan is
Jc =

10 · 0.12
[A/m2 ] = 7741[A/m2 ].
155 · 10−6
Other quantities are extracted from materials properties in literature. Permanent magnets are neodymium magnets, the ferromagnetic material is iron and
the material which holds all elements in place is polyoxymethylene (POM)
Delrin and will considered as air in the simulation. The election of these materials is discussed in Section 6.4. The material properties for the simulation
set up are summed up in Table 6.1.
Jg =

Table 6.1: Domain properties for each material in the simulation.
M aterial
µr
σ[S/m]
N dF eB N 45
1.05
0
Iron
9300
0
Copper
0.999994 5.7 · 107
Galinstan
0.6366 3.4 · 106
Air
1
0

Br [T ] α[◦] Jext [A/m2 ]
1.32
0
−
0
−
−
0
−
23783
0
−
7741
0
−
0

~ field. It
In this simulation several variables are calculated. Firstly, the B
have to twist as explained in Section 6.1. Figure 6.10 shows that the direction
pursued in the magnetic field is achieved.
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~ on the actuator
Figure 6.10: B

It is interesting to notice that the magnetic field is higher in central con~ field lines reconnect outside the actuator.
ductors and that a portion of B
That portion of the field means that there is still room for improvement.
Nevertheless, the magnitude of field outside is very low compared to field in
central conductors.
Figure 6.11 shows that the Lorentz force works as desired. It push the conductor in order to move the actuator up and down in Y~ direction.

6.3. 2D SIMULATION
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Figure 6.11: Lorentz force on the actuator

It is interesting to notice that the regions with strongest Lorentz force
are those filled with a solid conductor which allows a desirable less resistivity
and more power efficiency. In Figure 6.10 looks as if lateral conductors are
dispensable in the design. Nevertheless, significant force is achieved in them
so are considered as part of the final design.
Finally, the Joule losses are evaluated in the conductor as shown Figure 6.12.
Losses are higher in the liquid conductor because of its lower conductivity.
Therefore it is desirable to reduce it as much as possible.
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Figure 6.12: Joule losses on the actuator

Hereafter, Joule dissipation is calculated in order to test if energy equation
can be neglected as considered in Chapter 4. The depth of the actuator from
geometry showed in Figure 6.2 is 10 [mm]. The temperature rise for second
(∆T ) is calculated using the density of conductors (ρ). the volume filled by
the conductors (V ), the Joule losses in the conductors (pJ) and their specific
heat capacity (cp ) shown in Table 6.2.
Table 6.2: Density, volume, Joule losses and specific heat capacity in conductors.
Conductor
Galinstan
Copper

ρ [kg/m]
V [m3 ]
6440
276 · 10−9
8960
356 · 10−9

pJ [W ]
2.72 · 10−5
3.26 · 10−5

cp [J/(kg K)]
299
390
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The temperature rise for second is:
∆T =

pJc
pJg
+
= 3.71[K/s].
ρc · Vc ρg · Vg

The time necessary for an increment of 1 [k] without refrigeration at 10 [A]
is 270 [s]. Actuator’s top and bottom are made of copper so refrigeration
due will be present. Therefore, no significant rise of temperature in the
actuator is expected if operated during minutes and the energy equation can
be neglected MHD model.

Figure 6.13: Joule losses on the actuator
Magnetic field is evaluated in solid conductors as Lorentz force is mainly
distributed in them. For the central conductors, Figure 6.14a shows magnetic
field modulus in Figure 6.15a along path colored in red in Figure 6.14b. For
lateral conductor, Figure 6.15 shows magnetic field modulus in Figure 6.15a
along path colored in red in Figure 6.15b. The field showed in those figures
only represent the component of the field which will contribute to movement.
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(b)
(a)

~ in X
~ direction in center solid conductor.
Figure 6.14: B

Thus, only BX and BY are considered on the central and lateral conductor
respectively.
In the central conductor the magnetic field BX range goes from 0.37[T ]
to 0.41[T ]. That field value is half of the permanent magnet remanence on
surface. Therefore, it is considered that magnetic field has been successfully
guided by the iron. The useful field is lower on sides of the conductor because
~ field rotate. In a solid conductor that rotation is not useful as it will
B
no generate force. However, if force pushes a liquid the pressure field will
transmit all force to the actuator. In this implementation liquid conductor
has been reduced because of it lower conductivity but reducing the solid
conductor should not be discarded.
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(b)
(a)

~ in Y~ direction in side solid conductor.
Figure 6.15: B
In the lateral conductor the magnetic field BY range goes from 0.25[T ]
to 0.45[T ]. Again the field is around the half of the permanent magnet
remanence which shows that magnetic field is also well guided to the lateral
~ field
of the actuator. The variation of value is due to the rotation of the B
as in the central conductor. Thus, using liquid conductors that turn useful
~ is promising idea to test.
all orientations of B

6.4

Prototype

Once geometry chosen is successful in simulations a prototype is constructed.
Design decisions were influenced by the availability of materials and geometries possible in those materials. Geometry presented on this thesis has been
designed thinking thoroughly in the assembly process too. Creating geometries with ferromagnetic and magnetic materials hinder greatly possible geometries. In simulations, all geometries are possible but in assembly magnets
tend to resist to the most of the appetizing configurations. In this thesis, a
particular effort has been made to ease the construction of the prototype.
Particularly, magnetic forces are taken into account to generate magnetic
structures which hold the geometry by themselves. This allows to eliminate
glues in most of the structure reducing weight and complexity. Moreover, a
geometry that holds itself will not be affected by fatigue. Electric and magnetic materials are selected to maximize magnetic and current fields. High
permeability and remanence are sought for magnetic materials and high conductivity for electric materials. Surfaces have to be as smooth as possible to
ease the slide of the actuator.
Polyoxymethylene (POM) Delrin has been chosen for the side walls, since
it is easily machinable and has a low coefficient of friction and high mechanical resistance. Neodymium magnets are proposed as a magnetic source since
they are the ones that provide the most magnetic flux with smaller size and
it is easy to find them in various forms commercially. Ferrite beads will be
used as ferromagnetic material because machining good ferromagnetic is not
usual and beads can filled any volume with high density. Copper, with one
of the highest electrical and thermal conductivity at room temperature, will
be used as the electrical contact planes in the covers and as the solid conductor. Finally Galinstan is chosen conductive liquid due to its non-toxicity
and non-reactivity compared with other liquid metal at room temperature
such as mercury and NaK alloys. Finally the sealing of the watertight compartment is made of silicon.
The machining of Delrin and copper are done with a X-Carve CNC of three
axis. For the magnetic trap 6 cubics magnets are used, specified in Appendix 8.1. Three are inside the sealed box and transmit force to the other
48
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3 outside the box. For the magnetic source two planar magnets, specified
in Appendix 8.3, and two cubic magnets specified in Appendix 8.2. In Figure 6.16a the magnetic source is shown. It leaves enough space on one side
to place the magnetic trap in the center of the actuator, shown in Figure
6.16b. The ferromagnetic beads shown in Figure 6.16c must be placed before
the magnetic source and the magnetic trap. Once ferromagnetic beads are
place in their place, the cavity must be sealed while positioning permanent
magnets. It’s not possible to place the beads after the magnets because magnetic fields will attract the beads. Nevertheless, once magnetic materials are
place, forces between them hold the structure without additions. Central
and lateral conductor shown in Figure 6.16d can be placed in any moment.

(a) Permanent magnets.

(b) Magnetic trap included.

(c) Ferromagnetic material beads.

(d) Copper as solid conductor.

Figure 6.16: Magnetic configuration implemented.
Finally all the structure is placed in the box shown in a box and sealed
with silicone and filled with galinstan. Figure 6.17 shows half of the box
with the conductor plane which acts as the Lorentzito electric terminals.
Terminals are placed in opposite directions to enhance the orthogonality of
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Figure 6.17: Half of box with terminal attached.

the electric current from one copper plane to the other. The case has an H
structure that matches with the magnetic structure. This allows an easier
sliding of the structure in the interior of case while keeping electrical contact
of terminals and solid conductor by galinstan.

6.5

Performance

In order to evaluate the design of a linear Lorentzito, some parameters are
defined. This parameters will define figures of merit to compare the actuator
performance with other actuators, allowing to place Lorentzito in a context
and to compare different implementations. A force-consumption rate, a mass
ratio and a general rate are defined to accomplish that goal. In a Lorentzito,
the only irreplaceable part is the conductor. Therefore, volume and mass
efficiency quotients are defined to measure the use of structures different than
the inner conductor. All ratios and merit figures used here are described in
previous works [9].
~ field:
• Effective B
Firstly, the magnetic field generated inside is measured indirectly. A
current is pumped in a wire with no load to test how much electric
power is necessary to lift the inner conductor. The wire is placed or~ From rest a dynamometer is attached to the
thogonal to simulated B.
wire. As the inner conductor weight and length and the current are
~ field is defined by Equation 6.1. The wire is place
known, an effective B
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in two copper cylinders filled with galinstan to allow a free movement
in vertical direction. The set up for the test is shown in Figure 6.18.
The dinamometer used in this test is Sauter FH 20 with a precision
of 1% and the power source used is the BK 9117 with a precision of
0.1% + 30mA.
FT
[N ]
(6.1)
Be =
I l
where FT is force measured in the dynamometer plus the gravity due
to conductor’s mass, I is the electric current pumped and l = 10−2 [m]
~ field.
the length of the inner conductor through the B

(a)

(b)

~ field
Figure 6.18: Test set up to measure effective B
~ field getThe solid wire was placed in many points to test direction of B
ting consistent measures with simulations. These positions are shown
~ field value is tested in spatial components that will
in Figure 6.18b. B
contribute to movement. The wire is placed in central and side holes
where solid electric conductor should be placed. Positions are shown
in the simulation interface in Figure 6.19.
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Figure 6.19: Positions, colored in red, where experimental Be is measured.

In the trajectory described in Figure 6.14b the wire was placed in three
points: near left side (p1), the center (P2), and near right side (p3).
In the trajectory described in Figure 6.15b it was placed in five points:
the near top (P4), in the middle of center and top (P5), in the center
(P6), in the middle of center and bottom (P7) and near bottom (P8).
Results are shown in table 6.3 where effective field Be is compared
with the simulated field B. As expected, the value is lower than in
simulations. In the 2D simulation BZ is neglected but this spatial
component is not zero as shown in 3D simulations in Section 6.2. The
average field is B̄e = 0.12.
• Force-consumption quotient:

ρN

W

F
2.92 · 10−3
= 2 =
[N/W ].
I R
I

(6.2)

where F is the value of the Lorentz force in the actuator, I is the
electric current supplied to the actuator and R = 0.41[Ω] is the electric
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Table 6.3: Magnetic field values on prototype and simulation.
P oint
P1
P2
P3
P4
P5
P6
P7
P8

Be
0.24
0.35
0.24
0.05
0.03
0.02
0.03
0.05

Bx
By
− 0.39
− 0.41
− 0.39
0.04 −
0.03 −
0.02 −
0.03 −
0.04 −

resistance of the actuator defined in Section 6.3. From now on, F =
1.2I · 10−3 is taken from equation 6.1 using B̄e and length l.
• Mass quotient:

ρm =

F
= 6.8 · 10−3 .
g am

(6.3)

where F is the value of the Lorentz force in the actuator, g is the gravitational acceleration and am is the mass of the actuator calculated
from densities of materials and dimensions of geometry simulated in
2D being shown in Table 6.4. The total mass is am = 0.0182[Kg] .
Table 6.4: Volume and densities of materials simulated
M aterial
Iron
M agnets
P OM
Galinstan
Copper

Density[kg/m] V olume[m3 ]
7874
300 · 10−9
7600
1400 · 10−9
1410
136 · 10−9
6440
276 · 10−9
8960
356 · 10−9
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• Volume efficiency coefficient:

v =

cv
= 0.26.
av

(6.4)

where cv = 6.32 · 10−7 is the volume of the electric conductor and
av = 2.46 · 10−6 is the volume of the actuator.
• Mass efficiency coefficient:

m =

cm
= 0.27.
am

(6.5)

where cm = 0.00496[Kg] is the mass of the inner conductor and am =
0.0182[Kg] is the mass of the actuator.
The actuator is not tested with the magnetic structure inside the sealed
case because magnetic trap wasn’t strong and stable enough to allow good
measures. Merit figures are evaluated with tests only on the magnetic structure. The results are summed up in Table 6.5.
Table 6.5: Experimental figures of merit.
B̄e [T ]
0.12

ρ N [s/m]
W
3.14 × 10−3

ρm
6.8 · 10−3

v
0.26

m
0.27

Effective magnetic field average is decrease by lateral conductors. Moreover, these lateral conductors make a big contribution to the low level of mass
quotient. This low level is not high enough to operate the actuator at low
currents. Hence, the lateral conductors and ferromagnetic materials should
be reduced in future implementations. This will increase volume and mass
efficiency.

Chapter 7
Conclusion
The aim of this thesis has been fulfilled. An electric linear actuator based
on Lorentz force has been proposed and simulated with mathematically rigorous methods. The simulations have led to a prototype. Laboratory tests
on it have confirmed information acquired in the simulations. Nevertheless,
the actuator implemented has room for improvement and some modifications
inspired in simulations and test are proposed to enhance its performance.
Electromagnetic simulations behaves qualitatively the same as tests which
suggest that physics are successfully described in chosen models. It also suggest that all relevant phenomena have been included in the simulation. The
simplification to a two dimension case has been proven good enough by experimental tests.
MHD fields were not simulated but could contribute to optimize the actuator.
Existing free software such as EOF-Library can be used to incorporate those
fields in methodology proposed. The magnetic configuration proposed allows
the electrical liquid connection. As fluids were not considered in physics and
formulation, the actuator was not tested immersed in the liquid metal. The
force developed by the liquid conductor in simulations is not significant but
viscous effects and magnetic braking can hinder the operation. As physics in
the actuator are not fully describe the implementation of an actuator is not
analysed. Parameters of this actuators are initially uncertain and can change
during time because MHD breaking and thermodynamics effects in the fluid
that were neglected. For example, as fluid moves inside the actuator viscous
friction coefficient can change. Therefore an adaptive control is proposed for
55
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future control of the actuator.
Effective magnetic field and other significant quotients has been calculated.
Those numbers are not good enough for hyper-redundant configurations using
low electric currents. This can be a problem if refrigeration of the actuators
is not possible or if they are operated during long times. Some suggestions
have been made to enhance quotients. The magnetic configuration proposed
allows liquid electric connection solving the linkage problem and using that
liquid as source of force. Nevertheless, there is still room for improvement.

Chapter 8
Appendix
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8.1

W-03-N

Ficha técnica del artículo W-03-N
Datos técnicos y seguridad de uso
Webcraft GmbH
Industriepark 206
78244 Gottmadingen, Alemania

Teléfono: +49 7731 939 839 1

www.supermagnete.es
support@supermagnete.es

1. Datos técnicos
Cód. artículo
EAN
Material
Forma
Longitud del lado
Tolerancia
Revestimiento
Tipo de fabricación
Magnetización
Fza. sujec.
Temperatura de servicio máx.
Peso
Temperatura de Curie
Remanencia Br
Coercitividad bHc
Coercitividad iHc
Producto energético (BxH)max

W-03-N
7640155438674
NdFeB
Cubo
3 mm
+/- 0,1 mm
niquelado (Ni-Cu-Ni)
sinterizado
N45
aprox. 290 g (aprox. 2,84 N)
80°C
0,2052 g
310 °C
13200-13700 G, 1.32-1.37 T
10.8-12.5 kOe, 860-995 kA/m
≥12 kOe, ≥955 kA/m
43-45 MGOe, 342-358 kJ/m³

3 mm

3 mm
3 mm

Sin sustancias nocivas conforme a la directiva RoHS 2011/65/UE.

2. Advertencias
Peligro

Ingestión
Los niños pueden tragarse los imanes pequeños.
En caso de haber tragado varios imanes, éstos se pueden fijar en el intestino y causar complicaciones mortales.
¡Los imanes no son juguetes! Asegúrese de mantenerlos fuera del alcance de los niños.

0 -14

Peligro

Conductividad eléctrica
Los imanes están hechos de metal y son conductores de corriente eléctrica.
Si los niños intentan meter un imán en un enchufe, podrían electrocutarse.
¡Los imanes no son juguetes! Asegúrese de mantenerlos fuera del alcance de los niños.

Ficha técnica del artículo W-03-N

www.supermagnete.es

Página 1 de 3
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8.2

W-05-N

Ficha técnica del artículo W-05-N
Datos técnicos y seguridad de uso
Webcraft GmbH
Industriepark 206
78244 Gottmadingen, Alemania

Teléfono: +49 7731 939 839 1

www.supermagnete.es
support@supermagnete.es

1. Datos técnicos
Cód. artículo
EAN
Material
Forma
Longitud del lado
Tolerancia
Revestimiento
Tipo de fabricación
Magnetización
Fza. sujec.
Temperatura de servicio máx.
Peso
Temperatura de Curie
Remanencia Br
Coercitividad bHc
Coercitividad iHc
Producto energético (BxH)max

W-05-N
7640155438704
NdFeB
Cubo
5 mm
+/- 0,1 mm
niquelado (Ni-Cu-Ni)
sinterizado
N42
aprox. 1,1 kg (aprox. 10,8 N)
80°C
0,9500 g
310 °C
12900-13200 G, 1.29-1.32 T
10.8-12.0 kOe, 860-955 kA/m
≥12 kOe, ≥955 kA/m
40-42 MGOe, 318-334 kJ/m³

5 mm

5 mm
5 mm

Sin sustancias nocivas conforme a la directiva RoHS 2011/65/UE.

2. Advertencias
Peligro

Ingestión
Los niños pueden tragarse los imanes pequeños.
En caso de haber tragado varios imanes, éstos se pueden fijar en el intestino y causar complicaciones mortales.
¡Los imanes no son juguetes! Asegúrese de mantenerlos fuera del alcance de los niños.

0 -14

Advertencia

Marcapasos
Los imanes pueden alterar el funcionamiento de marcapasos y de desfibriladores implantados.
• Un marcapasos podría cambiarse al modo de prueba, lo que provocaría una indisposición.
• Un desfibrilador podría incluso dejar de funcionar.

• Si lleva alguno de estos dispositivos, manténgase a una distancia prudente de los imanes: www.
supermagnete.es/faq/distance
• Advierta siempre a las personas que lleven en este tipo de dispositivos de su proximidad a los imanes.

Ficha técnica del artículo W-05-N

www.supermagnete.es

Página 1 de 3
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8.3

Q-20-10-02-N

Ficha técnica del artículo Q-20-10-02-N
Datos técnicos y seguridad de uso
Webcraft GmbH
Industriepark 206
78244 Gottmadingen, Alemania

Teléfono: +49 7731 939 839 1

www.supermagnete.es
support@supermagnete.es

1. Datos técnicos
Cód. artículo
EAN
Material
Forma
Tamaño
Página 1
Página 2
Página 3
Superficies polares
Tolerancia
Sentido de magnetización
Revestimiento
Tipo de fabricación
Magnetización
Fza. sujec.
Temperatura de servicio máx.
Peso
Temperatura de Curie
Remanencia Br
Coercitividad bHc
Coercitividad iHc
Producto energético (BxH)max

Q-20-10-02-N
7640155436281
NdFeB
Bloque
20 x 10 x 2 mm
20 mm
10 mm
2 mm
20 x 10 mm
+/- 0,1 mm
Eje 2 mm
niquelado (Ni-Cu-Ni)
sinterizado
N45
aprox. 2,1 kg (aprox. 20,6 N)
80°C (quizá más baja) *
3,0400 g
310 °C
13200-13700 G, 1.32-1.37 T
10.8-12.5 kOe, 860-995 kA/m
≥12 kOe, ≥955 kA/m
43-45 MGOe, 342-358 kJ/m³

2 mm
10 mm
20 mm

* Debido a las dimensiones, es posible que este imán presente una resistencia a la temperatura reducida. Por
favor, consulte nuestras FAQ: https://www.supermagnete.es/faq/Que-temperatura-maxima-pueden-soportarlos-imanes#pu424
Sin sustancias nocivas conforme a la directiva RoHS 2011/65/UE.

2. Advertencias
Peligro

Ingestión
Los niños pueden tragarse los imanes pequeños.
En caso de haber tragado varios imanes, éstos se pueden fijar en el intestino y causar complicaciones mortales.
¡Los imanes no son juguetes! Asegúrese de mantenerlos fuera del alcance de los niños.

0 -14

Ficha técnica del artículo Q-20-10-02-N

www.supermagnete.es
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