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RESUME

Les matériaux d’ingénierie conventionnels sont limités par leurs propriétés intrinseques, telles
que le module de Young et la densité, ce qui restreint les possibilités de conception. Les mé-
tamatériaux permettent de surmonter ces limites en exploitant la géométrie pour définir le
comportement structural plutét que de dépendre seulement de la composition du matériau.
Des comportements uniques, tels que la raideur négative et la multistabilité, permettent
d’obtenir des réponses a des stimuli externes pouvant étre adaptées a différentes applications,
comme ’absorption d’énergie ou l'isolation acoustique. Ce mémoire présente un méta-disque
composé de cellules élémentaires a symétrie cyclique, qui change de configuration de maniere
passive selon la vitesse de rotation. Chaque cellule est programmée pour se déformer sous
leffet de la force centrifuge. La conception proposée comprend deux parties : une base inté-
grant un treillis de von Mises, dont la réponse peut étre ajustée en modifiant ses parametres
géométriques afin d’obtenir un contréle précis de la déformation sous rotation; et une masse

supérieure ajoutant de 'inertie, permettant ainsi la déformation a haute vitesse.

Le comportement de la structure sous chargement centrifuge est caractérisé a ’aide de sim-
ulations par éléments finis. Nous démontrons que quatre types de réponses peuvent étre
obtenus: (1) non linéaire, (2) transitoire, (3) a saut et (4) bistable. Nous construisons
un espace de conception du comportement statique force-déplacement en faisant varier les
parametres géométriques, et nous exploitons cet espace pour démontrer la programmabilité
de la cellule et prédire sa réponse centrifuge sans recourir a des simulations supplémentaires.
Afin de valider les résultats numériques, des échantillons de la cellule sont moulés en silicone
(Smooth-Sil 960), et leur réponse mécanique est mesurée sous déplacement imposé ainsi que

sous force centrifuge a ’aide d’un banc d’essai développé.

Enfin, nous montrons que le déplacement de la cellule peut étre programmé et controlé en
fonction de la vitesse de rotation afin de répondre aux exigences de diverses applications.
En collaboration avec le Conseil national de recherches du Canada (CNRC), nous démon-
trons I'applicabilité du concept aux moteurs synchrones a aimants permanents (PMSM) pour
réaliser un affaiblissement du flux de maniere mécanique, améliorant ainsi la performance a
haute vitesse d’'un moteur de Toyota Prius. Les simulations montrent que ce concept permet
au moteur de maintenir son couple au-dela de 10 000 tr/min. Cette preuve de concept permet
de poser les bases des futurs méta-moteurs a grande vitesse pour I’aérospatiale, capables de
dépasser 30 000 tr/min.
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ABSTRACT

Conventional engineering materials are limited by intrinsic properties such as Young’s mod-
ulus and density, constraining design flexibility. Metamaterials overcome these limitations
by leveraging geometry to define structural behavior rather than relying solely on material
composition. Unique behaviors such as negative stiffness and multistability enable responses
to external stimuli that can be tailored to specific applications, like energy absorption or
acoustic isolation. This thesis presents a meta-disk composed of cyclically repeated unit cells
that passively changes shape based on rotational speed. Each unit cell is programmed to
deform under the effect of centrifugal force. The proposed design consists of two parts: a
base featuring a von Mises truss, whose response can be tuned by varying truss parameters
(e.g., thickness and slope) to achieve precise displacement control under rotation; and a top

mass that provides inertia, thereby enabling deformation at high speeds.

The behavior of the structure under centrifugal loading is characterized using finite element
simulations. We demonstrate that four response types can be achieved: (1) non-linear, (2)
transient, (3) snap-through, and (4) bistable. We create a design space of the static force-
displacement response by varying geometric parameters, and we exploit this design space
to demonstrate programmability and to predict the structure’s centrifugal response without
additional simulations. To validate the simulation results, unit cell samples are molded in
silicone (Smooth-Sil 960), and their mechanical response is measured both under imposed

displacement and under centrifugal force using a custom-developed test rig.

Finally, we show that the displacement of the unit cell can be programmed and controlled as a
function of rotational speed to match diverse application requirements. In collaboration with
the National Research Council of Canada (NRC), we demonstrate the applicability of the
concept to Permanent Magnet Synchronous Motors (PMSMs) for mechanical flux weakening,
improving high-speed performance without increasing system complexity or cost of a Toyota
Prius motor equipped with the proposed design. Simulations showed that such design enables
the motor to maintain torque beyond 10 000 rpm. This proof of concept lays the foundation
for future high-speed meta-motors for aerospace applications, where motors need to exceed
30 000 rpm.
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CHAPTER 1 INTRODUCTION

Unlike conventional engineering materials, mechanical metamaterials can be engineered to
exhibit unique behaviors through their structure rather than their material composition.
These properties include auxetic behavior such as shape morphing [1], negative stiffness [2],
and multistability [3]. Mechanical metamaterials can be actuated through various stimuli,
such as displacement or force [4], pressure [5], temperature [6], or centrifugal force [7] to

enable novel applications in mechanical and aerospace engineering.

In particular, harnessing centrifugal force in metamaterials could provide a simple way of
achieving passive reconfiguration in rotating machines. In this context, reconfiguration refers
to a deformation that leads to a shape change in the geometry of the structure using elastic
deformation, for example by altering inertia in flywheels [8] or implementing flux-weakening
techniques in electric motors, particularly Permanent Magnet Synchronous Motors (PMSMs).
In industry, PMSMs are among the most commonly used electric motors due to their high
power density and efficiency [9]. However, one of their limitations is the inability to deliver
continuous maximum power at high speeds, as torque decreases beyond a certain rotor speed
[10]. To mitigate this issue, flux-weakening techniques have been developed, allowing these
motors to operate at maximum power over a broader speed range [11]. These techniques are

typically implemented algorithmically, which increases system complexity and cost [12].

This thesis proposes a modular centrifugal force-driven meta-disk capable of exhibiting a
large deformation under rotation. Using finite element (FE) simulations, we characterize
the static and dynamic behavior of the meta-disk. Experimental testing is then used to
validate these results under static and dynamic loading. Finally, we demonstrate that the
meta-disk deformation can be programmed as a function of rotation. In collaboration with
the National Research Council of Canada (NRC), we apply our design to induce a mechanical

flux weakening, with simulations confirming improved performance in a Toyota Prius motor.

This thesis is organized as follows. Chapter 2 presents a literature review on metamaterials,
electric motors, and flux-weakening techniques. Chapter 3 defines the objectives of the thesis.
Chapter 4 details the proposed geometry, simulations, parameterization, and optimization
process. Chapter 5 provides experimental validation of the simulation results. Chapter 6
demonstrates that the meta-disk displacement can be programmed under rotational loading
and explores its potential use as a passive solution for performance optimization in PMSMs.
Finally, the Conclusion and Outlook summarize the results, propose improvements, and

suggest future research directions.



CHAPTER 2 LITERATURE REVIEW

2.1 Classification of engineering materials

Mechanical performance is traditionally associated with the chemical composition of a ma-
terial, but recent studies [13-15] have shown that geometry can be used to program the
mechanical response. Materials can be broadly classified in three categories based on how
their mechanical properties arise: monolithic materials, architected materials, and metama-
terials. Figure 2.1 shows a comparative overview of these categories and highlights how
geometry can be used to control mechanical performance. Monolithic materials, pictured
in Figure 2.1A, represent conventional solid materials, such as bulk metals like aluminium.
Those materials have their mechanical properties, e.g., Young’s modulus and yield strength,
that are defined solely by their chemical composition [16]. Architected materials, shown in
Figure 2.1B, are made of a lattice network whose topology and relative density can be de-
signed to achieve target mechanical properties. This allows the creation of structures with
high specific properties and mechanical behavior programmed based on the intended appli-
cation [17,18]. Mechanical metamaterials extend this control and flexibility even further by
exploiting nonlinear geometry effects such as buckling and snapping as well as large displace-

ments and rotations. As illustrated in Figure 2.1C, their mechanical properties are primarily

defined by the geometry of a repeated unit cell [19,20].
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Figure 2.1 | Classification of engineering metamaterials. (A) Monolithic materials,
like metals or foams, exhibit uniform properties determined solely by their chemical com-
position [16] (B) Architected materials, like lattice structures, allow tuning of mechanical
properties (e.g. stiffness, strength) by varying their topology or relative density p [21] (C)
Metamaterials are advanced architectures whose properties are defined by their geometry, en-
abling application-specific functionalities such as nonlinear or programmable responses [20]
Legend: Stress—strain (0—€) curves for each category



2.2 Properties of metamaterials

Figure 2.2 illustrates some of the exotic properties and functionalities achievable in mechani-
cal metamaterials. For instance, cutting a specific pattern into a flat sheet material has been
used to achieve shape morphing structures that deform into predetermined three-dimensional
(3D) shapes [1] (see Figure 2.2A). Geometric frustration in an elastic beam can be exploited
to generate negative stiffness which can be used to have snap-through structures. [22] (see
Figure 2.2B). Origami-inspired configurations enable structures with multiple stable states,
enabling structures to remain in a configuration once deformed [3,23] (see Figure 2.2C). Ad-
ditionally, complex geometric architectures can be designed to create a structure exhibiting
a negative Poisson’s ratio, defined as an auxetic behavior [24,25] (see Figure 2.2D). Further-
more, by coupling two von Mises trusses, the effective stiffness of a structure can be designed
to switch from a softer to a stiffer state [26,27] (see Figure 2.2E).

e T —— C State1

Energy

Loading

|

/7 Unloading

State 2 State 3

N

No energy absorption

Displacement

Coupled

Figure 2.2 | Properties of metamaterials. (A) A flat sheet with patterned cuts that
morphs into a predetermined 3D shape [1] (B) Force-displacement response of an elastic beam
attached on one side displaying negative stiffness [22] (C) Origami-inspired structure with
multiple stable configurations [3] (D) Deformation of a structure with a negative Poisson’s
ratio [24] (E) Programmable stiffness achieved by coupling two von Mises trusses [26]



2.3 Lattice-based mechanical metamaterials

The thesis focuses on lattice-based mechanical metamaterials, i.e., structures made of truss-
like members. Figure 2.3 presents classical lattice-based geometries from the literature. One
of them is the von Mises truss, composed of a single beam pinned at both ends. Under a force,
the beam snaps and transitions to a mirror position relative to its initial position [28](see
Figure 2.3A). The unit cell can be modified by coupling two von Mises trusses connected
at their center, enabling multistable structures [4, 26](see Figure 2.3B). Another classical
architecture is the "scissor-lift", composed of two elastic beams connected to each other by
the side that produces large deformation [29] (see Figure 2.3C). Lastly, a unit cell made of

re-entrant hexagon exhibits auxetic behavior [30,31] (see Figure 2.3D).
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Figure 2.3 | Lattice-based mechanical metamaterials. Classical unit cell geometries
(A) Von Mises truss (B) Double von Mises trusses (C) Scissor lift (D) Re-entrant hexagon
Legend: Undeformed (dashed lines) and deformed (solid lines) configurations are shown
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2.4 Fabrication of lattice-based mechanical metamaterials

Lattice-based mechanical metamaterials can be fabricated using various processes at differ-
ent scales, each offering different trade-offs. Figure 2.4 presents several techniques commonly
reported in the literature, highlighting some of the benefits and drawbacks of each fabri-
cation method. Laser cutting enables the rapid creation of complex 3D geometries from
flat sheets. However, because it is a two-dimensional (2D) fabrication process, achieving

3D forms requires carefully designed patterns and folding strategies [32] (see Figure 2.4A).



Cast molding is a commonly used fabrication method in metamaterial research [33]. It is
frequently employed with elastomers as it provides an easy way to create highly deformable,
elastic structures. Its main limitations are the need for mold fabrication and curing times
that can range from several minutes to multiple hours, depending on the material [4] (see
Figure 2.4B). Additive manufacturing is another fabrication process to realize mechanical
metamaterials [33]. For instance, Fused Filament Fabrication (FFF) have become more pop-
ular with the growing accessibility and speed of 3D printers. However, a major drawback
of this process is the anisotropy of the parts, as their mechanical properties depend on the
printing orientation which can lead to failure under specific loading conditions [34] (see Figure
2.4C). Lastly, another extrusion-based fabrication process is Direct Ink Writing (DIW). This
method can print extremely small and precise structures, and carbon fibers can be incor-
porated into the ink to produce structures with high mechanical properties [35] (see Figure
2.4D).

A

PET-Adhesive-PET

Figure 2.4 | Fabrication of lattice-based mechanical metamaterials. (A) Fabrication
of a structure with multiple degrees of freedom using laser cutting [32] (B) Molding of a
deformable metamaterial structure [4] (C) Kagome lattice structures fabricated using Fused
Filament Fabrication (FFF) [34] (D) Fabrication of lightweight, carbon fiber-reinforced hon-
eycomb lattice using Direct Ink Writing (DIW) [35]



2.5 Actuation of lattice-based mechanical metamaterials

Lattice-based mechanical metamaterials can be actuated through various external stimuli, as
illustrated in Figure 2.5. The most common approach is to apply a mechanical force, such
as compression, to deform the structure [4] (see Figure 2.5A). Several non-contact actuation
methods have also been demonstrated. For instance, a lattice structure can open under the
application of an external magnetic field [36] (see Figure 2.5B). Another approach consists of
applying air pressure to induce buckling in thin-walled tubes [37] (see Figure 2.5C). Buckling
can also be induced by centrifugal loading when the structure rotates at high speed [7]
(see Figure 2.5D). The same authors also demonstrated a precise control over the buckling
of a structure subjected to centrifugal forces by developing a rotating disk with memory
capabilities. In their design, bistable beams on the rotating platform are configured to
switch states at specific rotational speed thresholds, storing mechanically the information
using the angular velocity and acceleration of the platform [38]. Finally, metamaterials can
be deformed through heating by using materials like shape memory alloys that are responsive

to temperature variations (see Figure 2.5E) [39].

2.6 Engineering applications of mechanical metamaterials

While traditional engineering systems rely on mechanical elements such as springs, gears,
or hinges, recent studies in mechanical metamaterials have shown that large and controlled
deformations can be programmed directly into the unit cell geometry [41]. Because their
deformation is triggered solely by the applied stimulus, without the need for sensors, mo-
tors, or electronic control, these structures can operate entirely passively. By exploiting
the metamaterial properties like variable stiffness, nonlinear deformation or multistability,
these structure behaviors can be tailored to applications in various fields that are sometimes

difficult to achieve with traditional components [19,42].

Since the deformation logic is embedded in the architecture itself, metamaterial structures do
not require additional components as the force-displacement behavior under stimuli is defined
by the geometry. This approach allows the reproduction of components that have even
better performance than their traditional counterparts. For instance, a study showed that
traditional springs embedded in the foam of a vehicle seat can be replaced by metamaterial
springs enabling better vibration isolation performance using nonlinear deformation. They
also demonstrated that with geometric modifications they could obtain mechanical responses

tailored to any application requirements [43] (see Figure 2.6A).

Metamaterials have also been used to create energy absorption structures by exploiting mul-
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Figure 2.5 | Actuation of lattice-based mechanical metamaterials. (A) Compression
of a von Mises truss-based structure under an external force [4] (B) Deployment of a lattice
structure triggered by an external magnetic field [36] (C) Structural buckling of a thin-walled
tube subjected to external pressure loading [37] (D) Deformation and snapping of a von Mises
truss induced by centrifugal force [7] (E) Controlled deformation of a structure responsive
to heating [40]

tistability and shape-reconfigurability for reusability. These shock-resistant structures can
be used to keep intact an egg dropped from 1 m, while if the structure is pre-compressed,
the egg breaks. Once the structure has been used to absorb an impact, it can be reset by

pushing it for repeated use [44] (see Figure 2.6B).

Finally, in acoustic, metamaterials can be programmed to control sound waves for better
sound transmission performance compared to traditional acoustic materials. By designing a
unit cell with a tunable negative stiffness, a study showed that using it in an airplane cabin
could reduce the noise inside the passenger’s cabin while adding minimal weight compared

to traditional heavier sound insulation materials [45,46] (see Figure 2.6C).
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Figure 2.6 | Engineering applications of mechanical metamaterials. (A) Metama-
terial structure that acts as a spring to achieve vibration isolation in vehicle seat [43] (B)
Lattice metamaterial structure designs for energy absorption to be shock-resistant [44] (C)
Metamaterial unit cell that can be used to reduce the noise inside the passenger’s cabin in
an aircraft [45]

2.7 Potential applications of mechanical metamaterials in the design of electric

motors

While metamaterials can be used across different fields, they could offer promising utility

through their integration into electric motors to increase their performance.

PMSMs are among the most efficient electrical motors used in the propulsion and transporta-
tion industry such as in the automotive industry due to their high power and torque density,
efficiency, and compact size compared to traditional machines such as induction motors [47].
Figure 2.7A shows a representation of a PMSM. The key components include the permanent
magnets (PMs), the rotor, and the stator. The stator is stationary, and the rotor with the
PMs embedded rotates during operation of the motor [48].

In this thesis, we focus on Interior Permanent Magnet Synchronous Motors (IPMSMs). An



IPM motor is a type of PMSM in which the PMs are embedded inside the rotor core, rather
than mounted on the rotor surface. The stator surrounds the rotor and has a predetermined
number of poles, depending on motor and inverter design. The inverter is responsible for
converting the direct current (DC) voltage from the battery into an alternating current (AC)
voltage for the motor. In this case, the motor featured is based on the Toyota Prius design,
which has eight poles with distributed winding. Figure 2.7B is a schematic that illustrates
the geometry of a Toyota Prius motor and highlights these key elements.

However, PMSMs have a drawback: they are unable to efficiently maintain maximum torque
at high speeds. Beyond a certain rotation per minute (rpm), flux-weakening techniques must
be employed to prevent a rapid decrease in torque [49,50]. In this thesis, we focus more
particularly on mechanical flux-weakening strategies, and more precisely, self-actuated ones.
Figure 2.7C shows how torque 7', stator voltage u,, flux linkage \,,, and the current ¢ vary
with and without mechanical flux weakening. The torque 7" is defined as a function of u,, Ay,
and 7. The flux linkage ), represents the magnetic coupling between the rotor PMs and the
stator windings. As motor speed increases, the voltage required by the motor increases until
it reaches the maximum level that the inverter can supply. If no flux weakening is applied,

the torque drops sharply beyond this point, limiting the maximum speed to wy,qz1-

With mechanical flux weakening, the voltage and current supplied to the motor are kept
constant at their maximum levels, and the parameter that is reduced is the flux linkage.
This allows the motor to reach a higher maximum speed wy,..2. Several passive mechanical
methods for flux weakening have been proposed in the literature. Short-circuiting the flux
is a method where a part made of a conductive material (such as a yoke) makes contact at
some point with a part of the structure, diverting part of the flux away from the air gap
and reducing flux linkage [51] (see Figure 2.7D). Another solution is to move the magnets
away from the air gap, increasing the flux path length and decreasing flux linkage [52] (see
Figure 2.7E). Also, flux weakening can also be done by blocking the flux path using iron pieces
acting as flux barriers [53,54] (see Figure 2.7F). All of these mechanisms rely on springs for
linear displacements under centrifugal load of components such as yokes, magnets, or iron
barriers. While these methods effectively achieve mechanical flux weakening, they increase
system complexity and manufacturing cost by requiring additional components (e.g., springs)
whose motion is programmed through rotational speed and centrifugal loading. More details

on flux-weakening and the governing PMSM equations are provided in Appendix C.
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Figure 2.7 | Electric motors. (A) Representation of a PMSM [48] (B) Schematic of a
PMSM motor highlighting key elements (based on a Toyota Prius motor) (C) Comparison
of the torque, stator voltage, flux linkage and current with and without flux weakening (D)
Short-circuiting the flux using a mobile yoke on springs [11] (E) Changing the position of the
magnets away from the air gap using springs [52] (F) Blocking the flux with iron pieces [53]



11

CHAPTER 3 LITERATURE REVIEW SYNTHESIS AND THESIS
OBJECTIVES

Metamaterials are engineered to provide unique mechanical properties through carefully de-
signed geometry. Despite extensive research on metamaterials and their unconventional me-
chanical properties, few attempts have been made to harness centrifugal force as an actua-
tion mechanism for structures such as the von Mises truss. Existing studies have primarily
focused on stimuli such as displacement, pressure, or temperature, leaving rotational and
inertial forces largely unexplored. This gap is particularly interesting to address because
centrifugal force is inherently present in high-speed rotating systems and could enable pas-
sive, self-actuating mechanisms without the need for external control or complex algorithms.
Moreover, very few studies propose potential applications for centrifugal force-driven unit

cells.

The ability to control the displacement-rotation curve of a structure through its geometry
and elasticity would open new possibilities for programmable mechanical responses tailored to
specific applications. Developing tools to design and tune these curves could lead to adaptive
systems that respond naturally to operating conditions, thereby reducing reliance on active

control strategies.

Such an approach could enable the development of passive displacement mechanisms appli-
cable across multiple domains, which represents the core objective of this thesis. A promising
application is in PMSMs, where mechanical flux weakening could be achieved by embedding
a metamaterial structure into the rotor geometry, thereby creating a displacement mecha-
nism whose response is programmed through rotation and centrifugal loading. This solution
could offer a promising alternative to traditional mechanical flux-weakening methods, with
the potential to improve high-speed performance without increasing system complexity or
cost. Accordingly, this thesis aims to develop a centrifugal force-driven meta-disk, and to do

so, we propose three objectives:

e Objective 1: Design and simulate a meta-disk made of centrifugal force-driven unit

cells

e Objective 2: Experimentally validate the simulation results of the meta-disk under

tensile and centrifugal loading

e Objective 3: Programming the deformation of the meta-disk
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To achieve these objectives, we propose the following methodology:

e Objective 1 Methods:
— 1.1 Design a parametrizable meta-disk capable of exhibiting non-linear deforma-
tion

— 1.2 Characterize the behavior of the unit cells in tension and under centrifugal

loading via FE analysis
e Objective 2 Methods:
— 2.1 Test the unit cells in the meta-disk in uniaxial tension to validate their tensile
behavior
— 2.2 Test the unit cells in the meta-disk under centrifugal loading to validate their
rotational response
e« Objective 3 Methods:
— 3.1 Perform inverse design of the unit cells deformation in the meta-disk to match
a target deformation under centrifugal force

— 3.2 Apply the method to improve PMSM high-speed performance through me-

chanical flux weakening
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CHAPTER 4 DESIGN AND SIMULATE A META-DISK MADE OF
CENTRIFUGAL FORCE-DRIVEN UNIT CELLS

4.1 Geometry of the meta-disk

Figure 4.1A shows the meta-disk, composed of cyclic repeated unit cells. Each unit cell
uses the von Mises truss, a simple and well-documented geometry, to achieve a nonlinear
deformation response. By combining this structure with a block acting as a mass, a centrifugal
force-driven unit cell is created. The geometry is parametrized by the variables: a, [, t, t,,
Iy, 7, tgqp and d. The upper block has a height h;, and a width [. The von Mises truss at
the bottom also has a width [, a slope a, and a thickness of t;. The truss is connected to the
block through a beam of width t,,. A tg,, separates the two elements. The bottom of the
truss of the unit cell is placed at a distance r from the center of the meta-disk. The whole
structure has a depth of d.

a ts
101
and tT“’ The parameters are based on the methodology of Rafsanjani et al. [20], and their

To facilitate the construction of a design space, three geometric ratios are also defined:

definitions are illustrated in Figure 4.1A.

When the structure rotates at an angular speed w, a centrifugal force F, is generated. Under
this loading, the structure deforms nonlinearly. We characterized the deformation by moni-
toring the displacement 0 of the block. By tuning the parameters of the von Mises truss, the
deformation under loading can be controlled, enabling control of the displacement-rotation

response, or § — w curve (see Figure 4.1B).

4.2 FE simulations of the unit cell

Now that the geometry is defined, we can proceed to the characterization of the deformation
of the structure by monitoring the displacement of the block using the FE simulations in
ABAQUS (version 2024) employing plane-stress elements (type CPS6). The material used is
a Neo-Hookean hyperelastic incompressible material, with a Young’s modulus of 2.88 MPa.
The parameters are defined using the experimental stress-strain curve of samples molded in

silicone Smooth-Sil 960. More details on the experimental values are provided in Section 5.2.

Figure 4.2A shows the configuration and boundary conditions of the static analysis simulation
representing a tensile test performed on the structure. A vertical displacement § is imposed

at the top of the structure, and the reaction force F' at the top of the beam is recorded. The
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Figure 4.1 | Metamaterial structure acting as a centrifugal force-driven meta-disk.
(A) The von Mises truss (orange) at the bottom of the unit cell is characterized by a width
[, a slope a and a thickness t,. The truss is connected to the upper block by a connector
of width ¢,,, and a gap separates the two elements. The whole structure has a depth of d.
The bottom of the von Mises truss is at a distance r from the center of the meta-disk. (B)
At rest (low w), the von Mises truss is not deformed. As the angular speed w increases, the
centrifugal force applied on the structure increases, which induces a nonlinear deformation
of the truss and thus a displacement () of the block.
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sides of the structure are clamped by boundary conditions to prevent rigid-body motion.

We first consider four geometries. Their corresponding parameters ¢ and % are listed in Table
4.1.

Table 4.1 | Design parameters. Values of § and % for the four geometries

Design 7 %

Design 1 0.05 0.1
Design IT  0.15 0.1
Design III  0.20 0.1

Design IV 0.45 0.1

Figures 4.2D-G show a representative force-displacement curve (F' — § curve) for each design

under a static loading. To normalize the results, we define the non-dimensional displacement

RF
E-dl’

We can see for Design I (see Figure 4.2D) that F' increases monotonically with 0. For Design

0 = g, and the non-dimensional reaction force RF = where F is the Young’s modulus.

IT (see Figure 4.2E), we can observe that an inflection point occurs at §* = 0.82 where

d’F __
sz

F stops increasing and starts decreasing. Then, at 6* = 1.08, F' stops decreasing and starts

0 and changes sign. For Design III (see Figure 4.2F), we can see that at §* = 0.54,

increasing again, reaching the same reaction force before the decrease at 0* = 1.39. Finally,
for Design IV (see Figure 4.2G), we can observe that at 6* = 0.26, F' stops increasing and
starts decreasing, reaching a negative force value. Then, at 6* = 1.04, F stops decreasing and

starts increasing again, reaching the same reaction force before the decrease at 0* = 1.60.

We then study how the static response changes with the geometric parameters of the von

Mises truss. Figure 4.2C presents a response map where the ratios ¢ and % are varied. For

simplicity, we define { = & = L.

Appendix A. In all the responses observed, we can characterize four families of curves based

A mesh convergence was performed and is presented in

on the type of response: monotonic (green), transient (blue), snap (orange) and bistable

(yellow). We observe that monotonic responses are only obtained at § < 0.03. For a % = 0.1,

we have monotonic response at ¢ < 0.03, transient response at 0.03 < 7 < 0.17, snap

response at 0.17 < § < 0.35 and bistable response at 0.35 < 7. We can also observe that the
¢ ¢

domain range of bistable reduces when ; increases, stopping to exist when ; = 0.14, while

the transient and snap domains increase. Those results are in good agreement with the one
obtained by Rafsanjani et al. [20].

Secondly, we want to study the structure behavior under rotation, as we aim to develop
centrifugal force-driven unit cell. Figure 4.2B shows the configuration and boundary condi-

tions of the dynamic analysis simulation representing a structure submitted to a rotation.
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Figure 4.2 | Results of the FE simulations. (A) Definition of the static analysis simula-
tion. A displacement 0 is imposed at the top of the truss and the reaction force F' is measured.
(B) Definition of the dynamic analysis simulation. A rotation w is imposed on the unit cell
and the radial displacement 0 is measured. (C) The static response under loading of the
structure can be categorized in four types based on the ratios ¢ and % Green: Monotonic,
Blue: Transient, Orange: Snap, Yellow: Bistable. (D) Static results, Monotonic (E) Static
results, Transient (F) Static results, Snap (G) Static results, Bistable (H) Dynamic results,
Monotonic (I) Dynamic results, Transient (J) Dynamic results, Snap (K) Dynamic results,
Bistable. All the results are obtained from FE simulations (Abaqus) using plane-stress CPS6

. . . — 2
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As represented, an angular speed w is imposed on the structure, and the radial displacement
0 at the top of the block is measured. The structure is clamped on each side by boundary
conditions. This rotation is applied as a body load equivalent to a centrifugal force over the
entire structure. For a structure with a mass m located at radius r from the rotation center

of the meta-disk and spinning at w, the centrifugal force is defined as F, = m - r - w?.

Figures 4.2H-K present the deformation under rotation (6 —w curve) for each type of response
under a dynamic loading. We can see for Design I (see Figure 4.2H) that §* increases rapidly
as w increases. For Design II (see Figure 4.21), we can observe that near the inflection point
0* = 0.82 observed in the static analysis (see Figure 4.2E), there is a rapid increase of ¢*
due to the reduction of %. For Design III (see Figure 4.2J), we can observe that the rapid
increase of 0* starts at 0* = 0.54 when F' stops decreasing and ends at 6* = 1.39 when F
reaches same reaction force than before the decrease (see Figure 4.2F). This behavior means
that the structure exhibits negative stiffness, thus producing a snap-through segment in the
"gap" region of the curve. Finally, for Design IV (see Figure 4.2K), we can observe the
same behavior as Design III, snapping at 0* = 0.26 when F' stops decreasing and ending at

0* = 1.60 when F reaches the same reaction force as before the decrease (see Figure 4.2G).

4.3 Static analysis curves to predict the dynamic analysis curves

Running dynamic simulations is computationally expensive and requires significantly more
time than static analyses for the same geometry. For example, all static simulations require
less than one minute to compute, whereas dynamic simulations take a minimum of two min-
utes for small  configurations and can easily reach five minutes for larger 7. The simulations
were executed using 4 CPU cores in no-GUI mode via a Python script on a system with an
AMD Ryzen 9 5900HS and 24 GB of RAM. Moreover, each geometric parameter influences
the 0 — w curve, and as a result, each parameter modification in a dynamic study requires
a new simulation. For this reason, we explored a method to use the F' — § curve of a given

geometry to predict the § —w curve obtained from our dynamic analysis.

To accurately predict the § — w curve, we first determine the relation between the rotational
speed w and the centrifugal force F,.. Using the definition of centrifugal force F., we can
compute the value of the force applied on the structure for any rotational speed. By inverting
this relation, the rotational speed is defined as a function of the force F', the mass of the
structure m and the radius r. The new equation is w = \/% . We then use this relation
in an iterative process. Initially, the structure is at rest meaning that 6 = 0. We define the
radius as r = Tinitial + 0. Tinitiar 18 defined as the radius between the center of rotation of the

meta-disk and the center of mass in the structure. At each iteration, d is increased by small



18

increments. For each value of §, the F'— 9 curve obtained from our static analysis provides the
value of the force F' required to deform the structure for this displacement. Using this force
and the updated radius, we compute the rotational speed w. The iteration then proceeds
to the next displacement step. Figure 4.3 shows a simplified view of how the logic of the
iterative process. Figure 4.2 shows a comparison between the four dynamic analysis curves
previously presented in Figures 4.2H-K and the curves obtained using this prediction method
(dashed line in Figure 4.2). In all four cases, both § —w curves match, confirming the validity

of the proposed technique.

FE simulation From static simulation
E=m-r-w?
F(N) o)
A
A "= F ,//
m-r ,l
> ot
+6 /',
- initial B ”, R rad
>6 " (—)
S

Figure 4.3 | Static analysis curves to predict the dynamic analysis curves. Schematic
representation of the iterative procedure used to predict the dynamic 6 — w response from
the static F' — ¢ curve

There is an edge case to take into account while running this script. It is when the computed
value of w for the new increment is lower than the previous value. This edge case happens
when “£ < 0 like with Design IIT (see 4.2J) and Design IV (see 4.2K). It means that the
structure has entered a snap-through region. In that case, we assign w the previous higher

value obtained, which leads to a displacement at constant w.

This proposed technique is particularly useful, as it allows quick evaluation of the behavior
of a structure under rotation with any parameters. It reduces analysis time and serves as an

efficient tool to quickly compare the performance of any centrifugal-force driven unit cell.

4.4 Unloading behavior

We now examine whether the structure exhibits hysteresis between the loading and unload-
ing of the force as in practical application the rotational speed increases and subsequently
decreases back to rest. We use our script describe in Section 4.3 to simulate the behavior of

each sample in a dynamic analysis in which the angular speed w is increased then decreased.



19

The results are presented in Figure 4.4 and show the behavior of each case under such cyclic

loading.

Figure 4.4A (Monotonic) shows that the 6* —w curve is perfectly coincident in both directions,
indicating no hysteresis. Figure 4.4B (Transient) exhibits similar behavior with no hysteresis.
In comparison, Figure 4.4C (Snap) displays clear hysteresis. During the increase of w, the
snap-through happens when the centrifugal force reaches the local maximum of the snap
region identified in the static response in Figure 4.2F. When w reduces, the snap-through
only happens when the centrifugal force reaches the bottom of the "gap" of this snapping
region. This behavior can be easily explained by examining the reference static loading curve
F — ¢* and by re-plotting it in the §* — F referential. Finally, Figure 4.4D (Bistable) shows
that, after snap-through, the structure remains in the new stable state and does not return

to its initial state even when reducing w, which is characteristic of bistability.

During the simulation of the bistable case, we ran into another edge case of the script when
F < 0. It means that the structure is bistable like Design IV. In that case, during unloading,
the script needs to take into account that there is a stable state 0* = 1.04, and that, without

external loading, the structure can not deform beyond this ¢* value.

We can observe a discrepancy between the predicted and simulated results, which increases
with larger values of 7. This is expected as, with the script, the snap-through is defined
exactly at the 0" where the static F' — §* curve starts decreasing. In contrast, the dynamic
simulations where a load is imposed are subject to some instabilities that can impact the w

at which the snap-through happens.

Characterizing the loading-unloading response is important for selecting the appropriate type
of response based on a given use case. For instance, when a consistent displacement path is
required during both loading and unloading, it is necessary to use a monotonic or transient
structure, and the transient structure can provide a snap-like displacement while having a
displacement similar. Snap structures provide a snap and can be used in applications where
it is useful to have the displacement at two different rotation speed. Finally, the bistable
family can be used in applications where the structure should remain deployed in a second

stable state once activated.
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Figure 4.4 | Results of the loading-unloading analysis. Response type obtained under
loading-unloading analysis for the four types of response obtained during the static analysis.
Hysteresis appears only for snap-through responses. Under increasing rotation, snapping
occurs at a higher w than the snap-back observed during the decrease of w. (A) Monotonic
(B) Transient (C) Snap (D) Bistable. All the results are computed using the static analyses
from FE simulations (Abaqus) using plane-stress CPS6 elements. In the bistable case, after
snap-through, the structure remains in the new stable state and does not return to its initial

position during the reduction of w. All dimensions are in mm. p = 1.25¢7° T]Lf;.
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CHAPTER 5 EXPERIMENTALLY VALIDATE THE SIMULATION
RESULTS UNDER TENSILE AND CENTRIFUGAL LOADING

5.1 Fabrication

To experimentally validate the FE simulation results, we fabricate unit cell samples using
silicone rubber. Three samples are produced for each type of response behavior: monotonic
(Design I), transient (Design II), snap (Design III), and bistable (Design IV).

Figure 5.1A shows four fabricated unit cell samples, representing a sample for each type
of response behavior. A standalone sample is composed of three parts. Figure 5.1B shows
separately each of these parts. The deformable section is molded in a single piece using
silicone rubber Smooth-Sil 960 and a 3D-printed negative mold made of Polylactic acid
(PLA). To prevent unintended buckling of the lower truss during testing, external and internal

PLA components are added acting as reinforcement pieces.

Figure 5.1C presents the dimensions of the printed parts for a ratio 7 = 0.05 . The dimensions

of each mold vary slightly depending on the desired geometric ratios. In our testing, the ratio

t
l

and a thickness of 2 mm. The upper block has a width of 10 mm and a length of 15 mm.

was kept constant, while the ratio ¢ was varied. Each sample has a total length of 20 mm

These dimensions were selected to ensure proper clamping and prevent slippage during tensile

testing.

The 3D printer used for fabrication is the Bambu Lab X1E from Bambu Lab, and the
PLA filament is ELEGOO PLA White 1.75mm from ELEGOQ. The silicone rubber used is
Smooth-Sil 960 from Smooth-On, and the mold release agent applied to facilitate demolding
is Easy Release 200, also from Smooth-On.

The molding process for the silicone component is described below, and all elements of the

process are shown in Figure 5.2.

1. Step 1 : Apply a mold-release agent (Smooth-On Easy Release 200) to the mold to

facilitate demolding.

2. Step 2: In a mixing cup, prepare the silicone (Smooth-Sil 960, Smooth-On) at the
recommended ratio (100A:10B). Mix thoroughly and degas the mixture in a vacuum

chamber to remove entrapped air.

3. Step 3 : Pour the silicone into the mold. Place a flat plate in acrylic (with mold-release
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Figure 5.1 | Sample of a unit cell fabricated. (A) Fabrication of a unit cell sample
for each type of response behavior. Each sample is made of 3 parts. [i]: Monotonic [ii]:
Transient [iii]: Snap [iv]: Bistable (B) A negative mold is used to cast the deformable
silicone component. Two PLA pieces are used to constrain the deformation of the unit cell.
An external part is located around the base and the other is inside in order to prevent the
buckling of the bottom section of the structure. All dimensions are in mm.
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agent sprayed on it) on top with weights. Wait for the silicone to cure fully (around
24h) before demolding.

Figure 5.2 | Molding process. (A) The materials needed for the molding process are
silicone rubber (Smooth-Sil 960, Smooth-On) and mold-release spray (Easy Release 200,
Smooth-On) (B) The silicone is poured into a 3D-printed PLA negative mold replicating the
unit cell geometry (C) A precision balance ensures the correct 100A:10B mixing ratio, and
a vacuum chamber is used to degas the mixture (D) An acrylic plate with weights is placed
on top of the mold during curing to ensure a flat, uniform surface

5.2 Static tensile testing

To validate the FE simulation results, uniaxial tensile tests are conducted on the silicone
samples. The tests are performed using a Biomomentum Mach-1 v500c mechanical tester
equipped with a 100N load cell. For each sample, a displacement of § = 2a is imposed. A

displacement rate of 0.1 mm/s is applied for all tests.
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Figure 5.3A shows the experimental setup for the tensile testing used to test a rectangular
specimen, with dimensions of 50 mm x 5 mm x 3 mm (LxWxt) of the silicone rubber to
experimentally determine the Young’s modulus. The resulting force-displacement curve,
combined with the measured initial and final lengths, and cross-sectional area, is processed
into a stress-strain curve needed to determine the elasticity property. Figure 5.3B shows the
stress-strain curve obtained. Since the resulting curve is nonlinear, a purely elastic model is
insufficient. Instead, a hyperelastic model is required. The Neo-Hookean model is selected

as it is well-suited for silicone rubber materials. The Neo-Hookean model is defined as:

o =2C1(A — )\12> (5.1)

where A = 1 + ¢, and € is the engineering strain. The most fitting parameter for the Neo-
Hookean that we obtained is C}p=.48. We can then calculate Young’s modulus using £ =
2G(1+v). We assume a Poisson’s ratio v = 0.5 as silicone is a nearly incompressible material.
Therefore, we obtain a Young’s modulus of £ =~ 6Cg = 2.88 MPa. This value is coherent
with those reported in the literature for Smooth-Sil 960 and with the specifications provided
by the manufacturer [55-57]. These values are the ones used in the FE simulations presented

in Figure 5.5.

Figure 5.4 shows the experimental setup for the tensile testing used to test four unit cell
geometries with a length [ = 20 mm representing each type of response (monotonic, transient,
snap, bistable). All samples have sz.l, and we varied § to obtain a sample representing
each category based on the response map obtained in Section 4.2 and presented in Figure
4.2C.

Figure 5.5 compares the experimental force-displacement curves obtained from tensile testing
with the corresponding FE simulation results for the four response types. For the monotonic
case (see Figure 5.5A), the two curves exhibit the same behavior under deformation but
differ in magnitude. For the transient case (see Figure 5.5B), the FE simulation is able to
capture the inflection behavior. For the snap case (see Figure 5.5C), the negative stiffness
property is well captured by the FE simulation. Finally, for the bistable case, the negative
force is capture by the FE simulation (see Figure 5.5D). Overall, there is a good agreement
between the experimental and FE simulation curves in all cases, validating the accuracy of
the simulations. Minor discrepancies may be attributed to the fabrication of the samples and

slight misalignments during the mounting of the samples in the tensile testing machine
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Figure 5.3 | Stress-strain curves characterization of silicone Smooth-Sil 960 from
Smooth-On. (A) Experimental testing to obtain the force-displacement curves of unit cell
samples using the Biomomentum Mach-1 v500c mechanical tester (100N load cell). Rectan-
gular beam to measure the Young modulus. (B) Experimental stress-strain curve obtained
from a rectangular specimen beam sample to determine the Young’s modulus Legend: Mean
values of three samples (solid line) and minimum and maximum ranges (shaded area) are
shown

Figure 5.4 | Tensile testing. Experimental testing to obtain the force-displacement curves
of unit cell samples using the Biomomentum Mach-1 v500c mechanical tester (100N load
cell). All samples have [ = 20 mm (A) Monotonic (B) Transient (C) Snap (D) Bistable

5.3 Dynamic rotation testing

Figure 5.6 shows the custom test bench conceived and built. To simplify displacement track-

ing, a camera is mounted directly on the rotating shaft. This configuration ensures that the
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Figure 5.5 | Comparison of the force-displacement curves obtained by experimen-
tation and FE simulations. Uniaxial tensile tests done on unit cell samples are compared
with the corresponding FE simulation results for the four types of response (A) Monotonic
(B) Transient (C) Snap (D) Bistable. The gray shaded region around the curve represents
the deviation across three samples, while the curve shows the mean value.

sample remains stationary in the camera frame during the entire test. High-speed rotation is
achieved using a 12-24V DC motor capable of reaching 10000 rpm under no-load. Counter-
weights are added on the camera arm to balance it, and a vibration damping shaft coupler is
incorporated to minimize vibrations and thus enable higher stable rotational speeds. Lastly,
a fixed Hall-effect sensor is mounted on a beam fixed on the optic table in a way that the
strong magnet placed under the sample-holding arm is passing near. The output allows

precise measurement of the actual rotation speed of the sample during testing.

To validate the precision of the tracking software Kinovea used to track the displacement
from video recordings. We compare the precise and known displacement provided by the
Biomomentum Mechanical Tester Model Mach-1 v500c with the displacement measured by

Kinovea. Figure 5.7 shows the comparison for a known displacement rate of 1 mm/s. There is
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Figure 5.6 | Presentation of the custom test bench conceived and built. The test
bench built is using a motor mounted on an optic table by a 3d printed structure. A GoPro
camera records the deformation of the sample and a Hall-effect sensor paired with a magnet
measure the rotational speed. All the data and the control is processed via an Arduino Uno.

a good agreement between the two measures, confirming the validity of the tracking method

for dynamic testing.

We carry out dynamic tests at multiple rotation speeds. For each test, we apply a constant
motor voltage, allowing the system to reach and maintain a steady rotation speed. The rota-
tion speed is measured in real time using a Hall-effect sensor connected to an Arduino, which
then transmits the data to a computer. The electric schematic is presented in Appendix B.
The deformation of the sample is recorded using a GoPro camera operating at 8K resolution
and 240 frames per second (fps), in linear mode. Using Kinovea, the radial displacement of

the sample is extracted over a 1s interval at constant speed.

Figure 5.8 compares the displacement obtained experimentally at multiple rotation speeds
with the displacement predicted using the FE static simulation results obtained using Abaqus.
We can observe that for the monotonic case, the experimental data follow the general trend
of the predicted curve, although small discrepancies are visible. Those differences can be
explained as the deformation at this ratio is really small, reducing the accuracy of the dis-
placement measurements. For the transient and snap case, the experimental results closely
match the predicted curve. The rapid increase in displacement is even obtained on the tran-

sient sample. As for the snap, we can clearly observe the snap-through on the recordings.
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Displacement § (mm)

Time (s)

Figure 5.7 | Validation of the tracking software. Comparison between the displacement
measured from recording using Kinovea with the reference displacement imposed by the
Biomomentum Mechanical Tester Model Mach-1 v500c for a known displacement rate of 1
mm/s. Legend: Reference (solid line) and measured (dashed line) displacement are shown

The experimental results closely match the predicted curve before and after the snap. For
the bistable, the experimental results closely match the predicted curve before the snap.
However, the snap does not happen at the same rotational speed as predicted using the FE
static simulation result. This discrepancy can be attributed to differences between the reac-
tion forces measured experimentally and those obtained from the FE simulation (see Figure
5.5D). We can also observe the bistability experimentally, as the units remain in a new sta-
ble state after snapping and unloading. Note that an additional mass of 5 g was added to
ensure that snapping occurs within the operating speed window of the test bench. Overall,
we observe good agreement between the experimental data and the simulation results across

all response types.

These results show that it is possible to fabricate centrifugal-force driven unit cells that
behave closely to their simulated counterparts. This validation is essential, as it confirms
that a given unit cell geometry will exhibit in reality the same static and rotational behavior

as predicted by the simulations.
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Figure 5.8 | Comparison of the displacement under rotation of the sample ob-
tained by experimentation and FE simulations. Comparison between the displace-
ment obtained experimentally at multiple rotation speeds with the curves obtained using the
prediction method based on static simulations using Abaqus for unit cell of each response
type. The displacement was filmed in 8k 240fps using a GoPro in linear mode. The tracking
of the displacement for the experimentation was done using Kinovea. (A) Monotonic (B)
Transient (C) Snap (D) Bistable. Error bars in x-direction represent the variation in dis-
placement at steady speed over 1 s, and the error bars in y-direction represent the variation
in rotational speed over the same interval.
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CHAPTER 6 PROGRAM THE DEFORMATION OF THE META-DISK

6.1 Control of the deformation

With the deformation of the unit cell characterized as a function of the rotation, we next
perform inverse design of the meta-disk to program its deformation under rotation. Figure

6.1A illustrates the inverse-design process.

A L .

FE simulations L atwits Prediction |
| LU T eript :
l hy,d, 1 7 P ! [ Target curve
Database F - § W o & ETie i B Output curve

Optimization

V A/
‘ b > >
script LJ/ ;J/

Optimization loop

(V) () ()

Figure 6.1 | Control the 0-w curve. (A) Workflow for unit cell parameter optimization.
Using the F' — § curves obtained with FE simulations, a Python prediction script to obtain
the § — w response, and a Python optimization script, the best unit cell parameters are
identified. Those parameters give an output curve representing the 6 — w response under
rotation (blue) that closely matches the target curve (orange), allowing for the control of
deformation under rotation for any application. (B) Example of target (orange) and output
(blue) displacement-rotation curves are shown

Based on a specific application or use case, a target displacement-rotation (§—w) curve (shown

in orange) is defined. This curve represents the deformation wanted of the unit cell at each
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rotation speed. The goal is then to identify the geometric parameters (7, %, %S, tgap, M, d, 1)
that give a unit cell whose displacement-rotation curve (shown in blue) best matches the
wanted curve. In order to obtain these results, three components are required: (i) all the force-
displacement curves obtained from static FE simulations, (ii) a Python script implementing
the prediction algorithm to obtain the w — 0 curve, and (iii) a Python optimization script
designed to select the force-displacement curve that best matches the target curve. For the
optimization script, the strategy involves evaluating all available curves and comparing them
to the target curve. To quantify the similarity between curves, we chose to use the Mean
Squared Error (MSE) metric due to its simplicity and ease of implementation. Lastly, several
user-defined constraints must be specified: (i) r, the radial distance between the rotation
center and the unit cell; (ii) /, the width of the unit cell; and (iii) the material properties,
specifically the Young’s modulus E and the density p. These have an important influence
on the resulting d-w curve and this allows to get only feasible geometries after running the
algorithm. Note that for simplification, we use the design space of all the force-displacement
curves obtained from static FE simulations which uses ¢ = % = % As shown in Figure
6.1B, this method allows the output of a response curve that closely matches the target
curve across various shapes. This demonstrates that the method can be used and adapted

to different applications with different requirements.

6.2 Obtain the optimal displacement-rotation curve to maximize torque in a

PMSM

We explore the potential of using a programmable meta-disk to improve the performance of
PMSMs. As mentioned in Section 2.7, after reaching a certain rotational speed, the torque
of PMSMs starts to reduce quickly. To maintain torque at higher speeds, a mechanical flux-
weakening strategy can be employed. This solution, which is an alternative to current-based
methods, aims to physically reduce the magnetic flux linkage between the magnets in the
rotor and the poles in the stator. Flux weakening must start at the base speed wp,se, When
the voltage required by the motor reaches the inverter limit due to the back-electromotive
force (back-EMF). The inverter converts the DC voltage supplied by the battery into an AC
voltage for the motor. Since the back-EMF is proportional to the rotational speed w and
the flux linkage A, increasing w beyond this point requires a reduction of A, in order to

maintain maximum torque 7" at higher speeds.

Figure 6.2 illustrates the process from the conception of a mechanical flux-weakening solution
to the obtention of the target displacement-rotation curve that the unit cell must achieve.

Once the electric motor is chosen, the first step (Figure 6.2A) is to quantify the variation of
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the flux linkage as a function of the mechanical displacement § of the adjusters in the flux-
weakening mechanism, giving the A,,,—d relation. For each speed increment w, the simulation
then maximizes T based on the motor’s current and voltage limits (Figure 6.2B). When the
voltage limit is reached, the software identifies the required reduction of A, that allows
further increases in w while still maximizing T". This iterative process gives the optimal flux
linkage \,,-w relation. The final step (Figure 6.2C) is to link the optimal flux-linkage values
from step B back to their physical displacement in step A to obtain the optimal displacement

of the mechanism as a function of w that maximizes T". Knowing A,,,-6 from step A and the

optimal A,,,-w from step B, we obtain the target 6-w curve that our unit cell needs to match.
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Figure 6.2 | Determining the target d-w curve to maximize the torque. (A) Flux
linkage based on the mechanism displacement (A,,-0) (B) Optimal variation of A, based
on the rotational speed w to maximise the torque 7" (\,p,-w) (C) Combination of the curve
A and the curve B to obtain the target mechanism displacement based on the rotational
speed that maximizes torque (§-w) Note: The curves presented here are examples to aid in
understanding

6.3 Defining the mechanical flux-weakening concept

We choose to implement a mechanism that reduces the permanent magnet flux passing from
the rotor to the stator by locally short-circuiting the flux. Figure 6.3A shows in details the
concept and its final dimensions. Two types of flux adjusters are used in this design: side
adjusters, which bypass the magnet flux between two neighboring poles, and middle adjusters,
which bypass the flux within a single pole between two V-shaped magnet segments. Figure
6.3B shows the concept at rest, and Figure 6.3C shows the final position of the flux adjusters

in the slots after rotation.
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This approach offers several advantages over other passive mechanical flux-reduction meth-
ods. Notably, it requires only a simple block of conducting material, unlike flux-blocking
techniques that necessitate additional iron components, or magnet-repositioning strategies
that demand precise displacement control. The optimal configuration, illustrated in Figure
6.3A, features two side holes positioned on either side of each magnet pair, along with a cen-
tral hole located between the two magnets. Each hole accommodates an 8 mm flux adjuster
element. An initial gap of 4 mm is provided to allow space for the unit cell responsible for
the displacement. Additionally, a top gap clearance of 8 mm is allocated for the side holes,
while the central hole is given a 5.5 mm gap to enable sufficient radial displacement of the
block.

Using JMAG-FE, a multiphysics simulation software, our partner team at NRC simulated a
wide range of dimensions and placements for the flux-adjuster holes and movable elements
to identify the configuration that increases the most wy,q,1, the maximum speed possible
if no flux weakening is applied. These studies combine electromagnetic and mechanical
models so that both flux reduction and the resulting stresses and strains in the rotor can be
evaluated in parallel. The simulations test how the geometry of the adjusters, such as hole
diameter, slot positioning, and displacement range, affected both air-gap flux linkage and
rotor deformation at speed. The optimization process reveals clear trade-offs. Larger bypass
holes or wider movers increase the ability to short-circuit magnet flux at high speed, but also
weaken the rotor mechanically and risk excessive deformation. Conversely, smaller features
preserve stiffness but have a limited flux-weakening effect. In the end, we identify a range
of geometries that allowed meaningful flux reduction above the base speed while keeping
stresses and strains within safe limits. For this proof of concept, a Toyota Prius motor is
used as a reference model. However, the methodology is generalizable to any motor, provided

its parameters are known.

Figure 6.4 shows the magnetic flux density in the motor at low speed (6297 rpm) and high
speed (10428 rpm). By comparing Figure 6.4A, which shows the side adjusters at rest, with
Figure 6.4B, where the same elements are displaced after their maximal displacement, a clear
modification of the magnetic flux paths can be observed. In Figure 6.4A, most magnetic flux
lines are directed toward the air gap and into the stator compared to Figure 6.4B where a
portion of the flux is now directed towards the inner core of the rotor, reducing the amount
of flux linking the stator. The reduction of flux is also seen when comparing the middle
adjusters. Figure 6.4C shows the middle adjusters at rest and Figure 6.4D shows the same
elements after maximal displacement. In Figure 6.4C, all the flux lines are going toward
the air gap. In Figure 6.4D, after displacement, fewer lines are going to the stator as some

is redirected toward the center of the rotor via the middle of the magnets. Those visual
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Figure 6.3 | Concept to reduce the magnetic flux. (A) The dimensions of the flux-
adjuster holes and movable elements in the Toyota Prius rotor (B) At low speeds, the movable
elements are closer to the center of the rotor (C) As the speed increases, the elements move

towards the stator, which reduces the magnetic field in the rotor. All the dimensions are in
mm.
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differences of magnetic flux lines demonstrate that the proposed concept with the adjusters
is effectively short-circuit part of the magnetic flux before it reaches the air gap which leads

to a reduction of the flux linkage and enabling mechanical flux weakening.

Slde elements o | Mlddle elements

w = 659 rad/s

os)

w = 1092 rad/s

Low flux density (T) - -

- High flux density (T)

Figure 6.4 | Concept to reduce the magnetic flux. Representation of the magnetic flux
density in a vector format (A) Side holes, low speeds: The magnetic flux is directed mostly
towards the stator (B) Side holes, high speeds: The flux is now partly directed towards
the center of the rotor via the element (C) Middle holes, low speeds: The magnetic flux is
directed mostly towards the stator (D) Middle holes, high speeds: The flux is now partly
directed towards the center of the rotor via the element between the magnets
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6.4 Obtaining the optimal displacement curve based on the rotation to maxi-

mize torque

With the flux-weakening mechanism defined, the next step is to use JMAG FE to simulate
the motor and determine the optimal variation of the flux linkage that maximizes the torque
T. As shown in Figure 6.2, this process leads to a relationship between § — w that can
be programmed. The simulation operates by attempting to maximize the torque of the
Toyota Prius modified with our proposed concept at each rotational speed. Initially, the
adjusters are located at their initial positions inside the holes, near the center of the rotor as
shown in Figure 6.3B. As the rotational speed increases, the required voltage also increases,
eventually reaching the voltage limit at wyqs.. Once the voltage limit is reached, the simulation
progressively moves the middle and side adjusters toward the outer edge of the rotor, thereby
decreasing the magnetic flux linkage. This reduction in flux helps maintain the voltage below
its limit and allows the motor to sustain torque at higher speeds. This process is repeated
as the rotational speed increases until the adjusters reach the end of the slots, as shown in

Figure 6.3C, beyond which no more flux weakening can be achieved.

Figure 6.5 shows the behavior of the system. Figure 6.5A depicts the variation of the voltage,
flux linkage and torque of our optimized concept. Torque is maximal and constant at low
speeds, however, once the voltage hits its limit, maximum and non-zero torque at high speeds
can only be achieved by maintaining a constant maximum voltage and minimizing the flux
linkage as much as necessary. Knowing the optimal flux linkage variation, we can determine
the optimal displacement of each flux adjuster element based on the motor’s rotation. Figure
6.5B shows the optimal § —w curve for the side and middle adjusters. Initially, both adjusters
stay in their initial positions, as no flux reduction is required and any reduction would unnec-
essarily decrease torque. The results also indicate that the optimal flux weakening requires

two different displacement-rotation curve for the side adjusters and the middle adjusters.

In Figure 6.5A, the voltage limit is reached around 400 rad/s, but the torque starts to
decrease around 200 rad/s. However, in Figure 6.5B, the § — w curves for both adjusters
remain zero until 659 rad/s. This difference arises from the distinct definitions of the base
speed wy,se for the Toyota Prius motor. The value of 659 rad/s corresponds to the base speed
from a voltage-analysis standpoint, where the electrical voltage limit is reached and no more
headroom against back-EMF is available, making flux weakening necessary. In contrast, at
200 rad/s corresponds to the base speed determined from the efficiency map of the motor
and is related to the thermal and current limits during continuous operation. In this regime,
the inverter limits the current in order to avoid overheating, leading to an earlier reduction

in torque. This distinction also explains the change in the slope of the torque curve between
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Figure 6.5 | Evolution of the torque, voltage and flux linkage based on the rotation
of the motor. (A) The optimal flux reduction for maximum torque can be achieved by
maximizing the voltage and reducing the flux linkage by the optimal amount (B) Optimal
variation of the displacement for the adjusters in the middle and side holes based on the
rotation speed (Output of the JMAG-FE simulation)

Although we aim to perform flux weakening using a purely mechanical approach, the pro-
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posed mechanism alone cannot provide sufficient flux reduction at higher speeds (beyond 994
rad/s), once the movers reach their maximum displacement and the voltage reaches its limit.
To increase the performance and reach higher speeds, we incorporate a limited amount of
electrical flux weakening beyond 994 rad/s. As a result, the current phase angle is slightly
modified beyond this point. In a PMSM, the stator current is decomposed into two compo-
nents, i and ¢,. Modifying the current phase angle by injecting negative 7, reduces the flux
linkage and helps limit the voltage, but the drawback is that it increases losses, as a larger
portion of the current does not contribute to torque production and instead only generates

additional heating. For this reason, the current phase angle should be kept as low as possible.

Using JMAG FE, we compare the performance of the proposed flux-weakening solution with
that of a purely electrical flux-weakening solution. Table 6.1 shows a comparison between
the two solutions and Figure 6.6 shows the torque-speed curves of each solution. The purely
electrical flux-weakening solution can reduce the flux linkage by 53%, however, the torque
quickly drops after 994 rad/s, reaching near zero at 1092 rad/s. In comparison, the combined
mechanical flux-weakening and electrical flux-weakening solution can reduce the flux linkage
by 40%, while the torque only decreases by 69% at the same speed. As a result, the motor is
able to maintain sufficient torque at higher speeds, which is not possible with pure electrical
flux weakening. Another advantage of the proposed flux-weakening method is that the current
phase angle remains lower at high speeds compared to the pure electrical flux-weakening
solution which becomes 89 degrees. This large phase angle induces a lot of current-related
losses. Thus, our proposed solution offers better efficiency, defined as the ratio of mechanical
output power to electrical input power, for comparable torque and power values across a
wider speed range (0-1092 rad/s) compared to pure electrical flux weakening, as shown in
Table 6.1.

Speed (rad/s)| Phase angle (°) Torque (Nm) Efficiency (%)
Proposed Pure Elec. | Proposed FW Pure Elec. | Proposed Pure Elec.
659 60 61 62.63 66.56 95.93 95.61
738 60 64 49.16 51.01 95.66 95.24
812 60 66 39.32 38.70 95.29 94.80
891 60 70 31.46 27.12 94.49 94.42
994 64 78.4 24.45 13.71 93.58 92.12
1092 65.6 89 19.23 0.12 92.56 11.92

Table 6.1 | Comparison between the proposed solution versus a pure electrical
flux-weakening solution. Comparison between the current angle phase, the torque and
the efficiency of our proposed solution versus a pure electrical flux-weakening solution



39

Pure electrical solution === Proposed solution

N
T

g 150t =10 .
= ~
2 100 . 2
g N\ g
= 501 =

\

0 250 500 750 1000 0 250 500 750 1000
Angular velocity o (rad/s) Angular velocity o (rad/s)

S
p—
(=)

Figure 6.6 | Comparison of torque based on speed for our proposed solution and
pure electrical solution. (A) Comparison of the evolution of the torque based on the
rotation of the motor for the proposed flux-weakening solution that combines mechanical
and electric flux-weakening (FW) and a pure electrical flux-weakening solution (B) Same
comparison but with a log axis. All the results are output of the JMAG-FE simulation

6.5 Inverse design unit cell parameters to program the displacement-rotation

curves

With the desired displacement-rotation curves defined in Section 6.4 and shown in Figure
6.5B for both adjusters, we can now find the parameters for the unit cells that give the
most fitting displacement-rotation curve. Figure 6.7 shows a comparison for both the side
and middle adjusters, the optimal § — w curves obtained from JMAG FE simulations and
the most fitting curve of the unit cell selected by the algorithm of inverse design in Figure
6.1. We use Somaloy 700HR 3P for the block material from Hoganés. This material can
be 3D printed and can conduct flux. The density of this material is 7.4 g/cm? [58]. For
the von Mises truss, a flexible material is required. We impose an arbitrary constraint on
the Young’s modulus, ranging from 400 to 500 MPa, to identify an optimal value. We also

3. These values are representative of available thermoplastic

assume a density of 1.2 g/cm
polyurethane (TPU) materials and correspond to the mid-range of Young’s modulus for TPU,
which spans approximately 10 to 1000 MPa depending on hardness [59,60]. These values
can be adjusted once the the manufacturing process of the rotor is defined. Additionally,
flexible materials with higher Young’s modulus could be considered. Therefore, this range is
primarily arbitrary and serves as a proof of concept. We assume a neo-Hookean hyperelastic

incompressible material to use the database obtained in Section 4.2.

Figure 6.7A shows the optimal curve obtained with our unit cell for the middle movers,
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and Figure 6.7B shows the optimal curve obtained with our unit cell for the side movers.
While the overall trend between the target and the output curves is respected in both cases,
the final displacement occurs at a higher rpm. This discrepancy can be explained by the
reduced design space imposed by application constraints. In particular, the ratio of required
displacement by the mechanism to available width exceeds 0.9 in both cases. Assuming
the maximum unit cell displacement is limited to 2a, it implies that ¢ > 0.45. Based on
the design space obtained in Section 4.2 and presented in Figure 4.2C, the only possible
geometries are in the snap or bistable families. However, bistable configurations must be
excluded, as the mechanism is required to return to its original position when the motor
speed decreases. These constraints significantly limit the available design options. In Figure
6.7, larger displacements than 2a are permitted to improve performance and further explore

the available design space.

To obtain results more tailored to the application, we need to increase the design space.
One way to achieve this is by stacking unit cells on top of each other. By doing so, we can
reduce the displacement required for each unit cell and possibly combine multiple families
to obtain a more customized response. Here, we assume a theoretical perfect stacking. In
reality, stacking requires modifications to the geometry of the von Mises truss in order to
combine them. Figure 6.7C shows the optimal curve obtained with two unit cells for the
middle movers, and Figure 6.7D shows the optimal curve obtained with two unit cells for the
side movers. We observe a better agreement between the two curves with this configuration.
A small issue of stacking is that it takes more vertical space to accommodate in the rotor,
exceeding a bit the height envelope, however it does not have a significant impact on the
motor performance at high speeds. For instance, increasing this vertical space to 5 or 6
mm results in a slight reduction in performance of flux weakening, while the torque remains
unchanged. Another way to expand the design space is to increase the width [ of the unit
cell. However, in this case, increasing the width of the rotor hole reduces the effectiveness of
the proposed mechanical flux-weakening solution, and, consequently, the motor performance

at high speeds.

These results show that the use of unit cells in a rotor to achieve mechanical flux-weakening
is feasible. They also demonstrate the versatility of the unit cell in an application, as it can
produce a tailored response to match a target curve using appropriate materials for the given

use case.
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Figure 6.7 | Comparison for both the side and middle adjusters, the optimal § — w
curves obtained from JMAG FE simulations and the most fitting curve of the
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CHAPTER 7 CONCLUSION

7.1 Summary of contributions

In this thesis, we introduced a centrifugal-force-driven mechanical metamaterial unit cell
whose deformation can be programmed to obtain any displacement-rotation curve. The
structure uses a von Mises truss coupled to a block to produce a geometry with nonlinear
deformation. FE simulations revealed four types of response: (1) monotonic, (2) transient,
(3) snap and (4) bistable. The response is primarily governed by geometric ratios like ¢ and &.
These numerical observations were validated experimentally using silicone molded samples
with tensile tests to confirm static FE simulations and with a custom-built test bench to
validate dynamic FE simulations. The experimental results were in good agreement with the

simulation results, and are consistent with the ones presented in the literature.

We also showed that it was possible to predict the displacement-rotation curve (6 — w) di-
rectly from the static force-displacement (F' — ) curve using the centrifugal force relation.
This technique allows the possibility to quickly obtain the dynamic behavior of any struc-
ture without running computationally expensive simulations. There was a good agreement
between the predicted curves for the four types of response and the dynamic FE simulations

performed.

This thesis also introduced an inverse-design method to find a unit cell that has a deformation
that matches any wanted deformation based on the rotation. A Python script uses all the
static F'— 0 curves obtained for all the different geometric unit cell parameters and selects the
unit cell parameters that most closely matched the wanted curve, while taking into account

the user constraints like the radial location and the available envelope.

Finally, in collaboration with the NRC, we proposed a passive mechanical flux weakening
concept for IPMSMs based on the Toyota Prius motor that uses side and middle flux-adjuster
elements to short-circuit magnetic flux. Using JMAG-FE simulations, optimal displacement
of the mechanism in rotation was obtained. Using the inverse-design method, we found unit
cells that reproduced closely the wanted displacement-rotation curve for optimal performance
of the motor. With our proposed solution, the torque only decreases by 69% at high speeds
(around 10 000 rpm) compared to nearly zero for a purely electrical flux-weakening solution,
allowing the motor to operate at enough torque at higher speeds. This concept paves the
way for future high-speed meta-motors for aerospace applications, capable of operating at

rotational speeds exceeding 30 000 rpm.
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7.2 Limitations and future research

Several limitations could be addressed based on the presented work in this thesis and could

be addressed in future work.

The utilization of silicone for the experimentation was used for its reproducibility, ease of
fabrication, anisotropy and suitability for large deformations. Additionally, for the flexible
part of the structure, material properties representative of TPU were used in the inverse
design as part of the proof of concept for the proposed mechanical flux-weakening solution.
However, for an application like in an electric motor, other materials should be explored.
Since the goal is to develop a rotor for a high-speed motor, the chosen material must exhibit
high stiffness. Moreover, it must possess compatible electrical, magnetic, mechanical, and
thermal properties. These stringent requirements significantly limit the types of AM tech-
nologies that can be used. Two materials could be options considering all the requirements:
magnetic materials like soft magnetic composite (SMC) [61] and fiber-metal [62]. Several
additive manufacturing techniques can be considered for printing these materials, each with
its own advantages and limitations: (1) Cold spray technique [61,63,64], (2) Laser Powder
Bed Fusion (LPBF) [65,66], (3) FFF [67].

Furthermore, in the application process, some constraints were not considered for finding
the optimal possible unit cell, such as the magnetic force applied on the adjusters during
rotation. In a motor, these forces vary with the radial position and thus it can influence the
deformation curve of the unit cell. Also, if the magnetic force exceeds the restoring force of the
metamaterial structure, the mechanism may remain deployed even after the rotation speed
decreases. Also, we did not consider the potential hysteresis of the chosen configurations.
Those constraints are key elements that should be studied for an application like in a PMSM

motor.

We also demonstrated that the output curve can be more closely tailored to the target curve
by theoretically stacking more than one unit cell. The real geometry of such a stacked
structure should be studied to better understand the behavior of a stacked unit, as the
geometry of the structure needs to be adapted to accommodate the combination of two or

more von Mises trusses.

The long term potential of this work could be significant because this kind of mechanism could

be implemented in electric motors to make transportation greener and more cost-effective.
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APPENDIX A MESH CONVERGENCE ANALYSIS

This appendix describes the mesh convergence study performed on the unit cell truss with
a width [ = 20, § = 0.2 and % = 0.1 under the static tensile setup described in Section 4.2.
Plane-stress quadratic elements (CPS6) in Abaqus are used. We measure and compare the

last value of the reaction force RF'2 after a displacement 6 = 2 - a is imposed.

To quantify convergence, we use the solution at the coarsest mesh (h = 1) as the initial
reference RF2. The relative variation (%) for each subsequent element size h is defined as
A(%) = |M§}7T?‘l| - 100 where RF; is the reaction force for the mesh with element size h;.
A tolerance of A < 0.1% is used as the acceptance criterion for mesh independence.

The table A.1 shows the relative variation of each element size from 1.0 to 0.1 . As the
element size reduces, the relative variation reduces to reach 0.1% at h = 0.5 and then
stabilize. Therefore, h = 0.5 is selected for the production meshes, balancing accuracy and

computational cost.

Table A.1 | Mesh convergence analysis. Mesh convergence for the static tensile case
[ =20, %=02and { = 0.1. Plane stress elements (CPS6) in Abaqus.

Element Size (h) | Reaction Force RF2 (N) | Relative Variation (%)
1.0 (Initial Value) -
0.9 2.738729 0.17 %
0.8 2.727006 0.43 %
0.7 2.723908 0.11 %
0.6 2.717976 0.22 %
0.5 2.715224 0.10 %
0.4 2.712560 0.10 %
0.3 2.708663 0.14 %
0.2 2.706313 0.09 %
0.1 2.704216 0.08 %
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Figure B.1 shows the electrical connections of the test bench presented in Section 5.3. These

connections link all active components of the setup: the power supply, the DC motor, the

Hall-effect sensor, and the Arduino microcontroller.

Power supply

+ -

/ oc N\

— + | Motor | - —

Hall sensor
ola |-
ozl
>0 1|0
= 2|?
o |00
Arduino

!

PC

Figure B.1 | Electric connections of the test bench. The DC motor is connected to
a power supply. A Hall-effect sensor is connected to an Arduino to measure the actual

rotational speed of the arm in real time, which is transmitted to the connected PC.
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APPENDIX C ELECTRIC MOTORS

In this Appendix, we dive deeper on flux-weakening and the governing PMSM equations.

When the motor begins to rotate, w, the angular rotation of the rotor increases, it operates
in the Constant Torque Speed Region (CTSR). In this region, the torque delivered by the

motor is both constant and maximal. The voltage of the stator in an IPMSM is defined as:

ts = 1/ (WLyiq)? + (W(Apm + Laia))? (C.1)

Apm represents the flux linkage produced by the rotor PMs, L, and Ly are direct axis (d-
axis) and quadrature-axis (g-axis) inductances, and ¢, and i, are direct axis (d-axis) and
quadrature-axis (q-axis) stator currents. i, and iq can weaken or strengthen the effective
air-gap flux, and produce the main electromagnetic torque, respectively. For an IPM motor,

the electromagnetic torque is:

3 . .
T. = §p()\pmzq + (Lg — Lg)iaiq) (C.2)

The parameters in this equation, Ly and L,, are motor-specific parameters and are constant.
The first term (A,,¢,) represents the magnet torque and the second term (L; — Lg)iql,
represents the reluctance torque. Note that this reluctance torque is only present in IPM,
not in Surface Permanent Magnet (SPM) which are another type of PMSMs.

In the CTSR region, Ay, i, and i, are constant.

However, as the rotational speed increases, back-EMF also increases. We know that:

Ug S Umaz (CS)

where ,,4, is the maximum voltage that the inverter can supply. Therefore, we can calculate

the rpm (0r wpese) at which ug = Upe,. After rearranging the equation in C.1, we obtain:

u2
= : mar 4
“ \l (Lg *ig)% + (La *iq + Apm)? (C.4)

This means that if no adjustments are made, at wyqse, the voltage will reach its maximum,

and the torque will quickly decrease. The reason for this is that the back-EMF continues
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to increase with speed, but the voltage cannot compensate beyond the inverter’s maximum
limit.

To increase wy,qz1, Which represents the maximum w before the torque reaches zero, and widen
the operational range of the PMSM, we need to revisit equation C.1. There are two potential
solutions: 1) inserting negative d-axis current by increasing the current phase angle, thereby
reducing the value of \,,, 2) reducing mechanically the value of \,,, These modifications are
referred to as "Flux-weakening" [68]. Flux-weakening is a technique that enables the motor
to operate at higher speeds while delivering maximum torque per current given available
voltage This is why the region reached at higher rpm, more precisely, at wp.se, depending
on the motor’s parameters, is called the Constant Power Region (CPSR). In this region, the
voltage is at its maximum and remains constant. Note that gears are not used to artificially
increase the maximum torque or speed range, as adding gears would complicate the system
unnecessarily which will add weights and rise costs, and add more source of failure to the
motor. [12]

The most common method to implement flux weakening is through control algorithms that
shift the current angle by injecting negative 74, thereby counteracting the PM flux and en-
abling operation above base speed. This method is called "Electrical flux weakening". In this
process, %, is still regulated independently to produce torque, typically chosen to maximize
torque per ampere while ensuring that thermal and loss constraints remain manageable. How-
ever, the drawbacks of this method include reduced efficiency, increased cost and complexity

and difficulty in implementation [12].

The alternative solution to electrical flux weakening (FW), would be to use a mechanical
design approach to achieve flux weakening. This method is called "Mechanical flux weak-
ening'. For instance, specific rotor geometries, such as varying the position of the PMs,
shaping flux barriers, or creating bypass flux paths, allow some of the magnet flux to return
through the rotor rather than passing entirely through the stator. This structural design
inherently reduces the effective air-gap flux at high speed. Besides, it is possible to employ
mechanical devices known as flux adjuster elements (FAEs), which physically modify the
magnet flux. These FAEs can be self-actuated (responding passively to centrifugal forces
or magnetic saturation) or actively controlled by auxiliary actuators. By incorporating such
mechanisms, the PMSM can further extend its operating speed range, reaching a higher max-
imum speed w402, Without injecting significant ¢4 current, thereby eliminating or minimizing

losses associated with this negative current.

However, changing the value of \,,, not only affects the stator voltage but also the torque of

the motor.
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From equation C.2, it is evident that the electromagnetic torque has a direct dependence
on the permanent magnet flux linkage A,,,. Therefore, changing A, significantly influences
motor performance. While a higher ), increases torque capability at low and medium
speeds, it also raises back-EMF, which limits high-speed operation. Conversely, reducing A,
lowers the available torque but enables an extended constant-power speed range. Simulation
software such as JMAG-Designer (FE analysis) can be used to model these trade-offs, allowing

rotor design optimization to balance torque density with high-speed performance.
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