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ARTICLE INFO ABSTRACT

Keywords: The performance of high-field magnets is increasingly constrained not by the limits of High-Temperature
Stellarator Superconducting materials, but by the structural systems needed to withstand the intense Electro-Magnetic
High magnetic field forces they produce. In response to this challenge, this work presents a design-driven methodology for
Wide HTS magnets

optimizing the reinforcement structures of 52 cm bore wide HTS magnets under development at Renaissance
Fusion, aimed at achieving magnetic fields up to 10 T on the plasma axis. A custom Topology Optimization
tool, based on the Solid Isotropic Material Penalization method and implemented entirely in PyMAPDL,
was employed to guide the mechanical design of the magnet reinforcements. Starting from a large design
domain (~11.3 tons per sector), Topology Optimization with varying volume fractions produced lightweight
structures, down to 3.93 tons, that meet strict mechanical constraints on magnet displacement (<1 mm),
magnet strain (<0.5%) and global stress (<800 MPa). Then, a second optimization stage using extrusion
constraints methodologies was employed to further optimize the structure while ensuring manufacturability.
Recurring features from these runs informed the development of a parametric model, enabling further
refinement and a final mass of 1.20 t. The final structure, segmented into sub-components for a feasible
assembly procedure, retained the required mechanical performance while ensuring ease of manufacturing
using conventional processes. This magnet design demonstrate the applicability and benefits of our multi-
stage constrained topology optimization method for advancing the structural design of high-field and compact
stellarators.

Structural design
Topology optimization

1. Introduction approach led to a significant weight reduction of more than 25% com-
pared to conventional designs. Subsequent static and seismic analyzes

In recent years, Topology Optimization (TO) has emerged as a pow-
erful tool in structural design, particularly in fields such as aerospace,
automotive, and biomedical engineering [1-3]. The TO strength lies in
the ability to generate efficient, lightweight, and mechanically robust
structures by systematically distributing material within a defined de-
sign space, often finding non-intuitive solutions that would be difficult
to achieve through traditional design approaches. However solutions

confirmed the structural integrity of the optimized supports. TO has
also been utilized to determine optimal placements and orientations of
permanent magnets in stellarators [7]; this method aims to simplify
coil designs while maintaining effective plasma confinement, poten-
tially reducing manufacturing complexity and enhancing performance.
Researchers have also employed thermal TO to design plasma-facing

generated by TO are often highly complex and not directly compatible
with traditional manufacturing methods. As a result, the integration of
manufacturing constraints into the TO workflow has become a critical
area of research [4,5]. Without such constraints, which limit the space
of admissible solutions, the optimized geometry may be difficult or
even impractical to fabricate, requiring significant manual effort and
time to convert the result into a clean engineering solution.

In the context of nuclear fusion, TO has demonstrated its potential
in addressing both thermal and structural engineering challenges. For
example, in the development of the Helical fusion reactor [6]; here,
researchers applied TO to redesign the coil support structures. This
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components, such as the divertors [8]. By optimizing the distribution
of the high thermal conductivity material within these components,
the designs achieve improved thermal performance and structural re-
silience under extreme operating conditions. Further research applied
TO to design tungsten-copper structures for plasma-facing component
applications [9]. This approach improves the thermal and mechanical
performance of components exposed to high heat fluxes, ensuring dura-
bility and efficiency in fusion reactor environments. The integration of
automated parameter, shape, and TO techniques has been also explored
in the design of divertors [10].
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The development of next-generation stellarator experiments
presents increasingly structural engineering challenges. Compact
devices operating at high magnetic fields require highly optimized me-
chanical supports and reinforcements capable of withstanding extreme
Electro-Magnetic (EM) loads without compromising manufacturability
and system performance. Several fusion projects (both stellarators and
tokamaks) have indeed highlighted that the peak stresses within coil
support structures often approach the limits of structural materials [11—
13].

In this work, we present a comprehensive TO workflow, developed
entirely in PyMAPDL [14], for the conceptual design of reinforcements
for Renaissance Fusion [15] simplified stellarator magnets based on
laser engraved wide HTS conductors [16]. Unlike previous studies,
which have focused on traditional HTS configurations, where rein-
forcement strategies follow relatively well-established structural design
principles, our work addresses a novel challenge: non-uniform loads on
wide HTS tapes. This non-standard geometry significantly alters the me-
chanical load paths and creates new constraints on how reinforcement
structures must be designed, assembled, and supported.

To tackle this, we developed a new methodology combining a
novel implementation of simultaneous multi-directional extrusion con-
straints, iterative refinement of the design domain based on material
efficiency, and a parametric study to translate TO outputs into manufac-
turable components. This approach enables the systematic exploration
of lightweight, stiff, and robust reinforcement topologies capable of
withstanding extreme EM forces. Beyond identifying efficient reinforce-
ment topologies, a key goal of this work is to ensure that the proposed
structures can be translated into a manufacturable design. Particular
attention is therefore given to incorporating manufacturing constraints
and to developing an assembly strategy that bridges the gap between
topology-optimized concepts and engineering solutions.

Here we apply this new TO method to 10 T stellarator magnet.
For this first test application, we consider a hypothetical device of the
same size and approximate geometry of an actual small test device
under consideration at Renaissance Fusion. However, to translate this
to reactor relevant parameters, the field was scaled to 10 T on the
plasma axis and therefore much higher forces are developed compared
to the actual device. Also note that the coils lie on cylinders (see
Fig. 1), whereas in future embodiments they might lie on slanted
cylinders, which would require a revised TO. The device considered
in this study can be regarded as a scaled version of the W7X-like
stellarator in Germany [17], with the difference that the coil winding
surface is piece-wise cylindrical rather than fully conformal to the
plasma boundary. While this approach simplifies coil manufacturing,
it introduces a non-uniform current distribution and, consequently,
strong spatial variations in the EM forces that must be addressed by
the structural reinforcements.

The paper is organized as follows: Section 2 introduces the magnet
system and corresponding EM loads. Section 3 provides a theoreti-
cal background on Topology Optimization, including the implementa-
tion of extrusion-based constraint. Section 4 discusses the initial, non-
optimized structural model and outlines the key assumptions guiding
the design. Section 5 presents the application of Topology Optimization
to the magnet reinforcements and details the developed workflow up
to the final conceptual structural design.

2. The magnet system

A new class of stellarator magnets are being developed by Renais-
sance Fusion based on laser engraved wound HTS tapes. These magnets
are designed to generate a target magnetic field of 10 T on the plasma
axis, with a corresponding peak magnetic field of 15.8 T on the coil
windings. Such high field results in substantial EM forces, placing
significant mechanical demands on the supporting and reinforcement
structures. To estimate the magnitude of these loads, the magnet can
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Fig. 1. (a) Top view of magnet arrangements with magnetic field distribution;
(b) Magnet cross-section (not drawn to scale).

Table 1

Key parameters of the magnet.
Magnetic field on plasma axis, B, 10T
Peak magnetic field on coil windings 158 T
Magnet axial length 50 cm
Magnet diameter 52 cm
Radial centroid position 65 cm

Toroidal spacing 72°

HTS tape thickness 0.1 mm
Total winding thickness 1.5 cm
Number of magnets 5

be approximated as a simplified helical solenoid. Using standard ex-
pression from electromagnetic theory, the magnetic pressure P exerted
by a magnetic field can be calculated as:
po B

2po
where B, is the magnetic field on the cylinder axis and g, is the vacuum
permeability (4, = 471077 Tm/A). Assuming B, = 10 T at the plasma
axis, the resulting uniform magnetic pressure on the windings is on
the order of 40 MPa. This pressure generates substantial hoop and
radial stresses that must be contained by structural supports to prevent
failure or excessive deformation. The main parameters of the magnet
considered in this study are summarized in Table 1.

The mechanical challenge becomes even more complex when con-
sidering the overall magnet arrangement and load distribution. Five
magnets will be positioned along a pentagonal path, as shown in Fig. 1,
and will have a cylindrical shape, with an axial length of 50 cm and a
diameter of 52 cm. The EM loads generated by the combination of the
magnetic field B and the density current J produce an antisymmetric
distribution, with an order of magnitude higher than 40 MPa, reaching
peaks of several hundreds of MPa (see unwrapped cylindrical map of
EM loads in Fig. 2). Radially, the centroids of each magnet are 65 cm
and are equally spaced in the toroidal direction of 72°. Each magnet
will be composed of wide HTS tapes with a thickness of 0.1 mm,
forming a total thickness of 1.5 cm. The HTS laser engraved wide tapes
will be wrapped on a former and we assumed the same thickness as
the magnets for initial modeling. The former must carry and sustain the
inward loads that come from the magnet, while the outer reinforcement
structure must yield the loads pointing outward.

(€8]

3. Stiffness maximization problem under volume and extrusion
constraints

In order to optimize the material distribution of the magnet struc-
ture, our approach maximizes the overall structural stiffness ensuring
manufacturability and acceptable mechanical displacements, strains,
and stresses. Among all the manufacturing constraints that can be
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Fig. 2. Two-dimensional distribution of the Laplace force magnitude [MPal],
with axes normalized w.r.t. the magnet’s axial and poloidal directions.

imposed in TO, the extrusion constraint is particularly relevant due
to its ability to provide clearer and feasible designs [5,18,19] that
can be more readily fabricated through conventional processes such
as welding of plates or casting. The TO with extrusion constraints was
implemented as a constrained minimum compliance problem:
ot
min  C(p) = U'K@)U = > L Egul K, ou;
i=1
s.t. K(pU=F
TR @
v Vo -
pi=pp VijEC, k=121
Pmin < Pi < 1, Vie ‘Qdd

where p is the non-filtered element density vector, p is the filtered
element density vector, C(p) is the total structural compliance, U is the
nodal displacement vector, K(p) is the global element stiffness matrix,
E,, is the Young’s modulus of solid material, u; is the element nodal
displacement vector, k; is the unit element stiffness matrix, F is the
external force vector, G, is the global volume constraint, v; is the ith
element volume, f is the volume fraction, ¥, is the total volume of the
design domain (£244), e is the total number of elements, ey, is the
total number of elements in the design domain, C, is the kth extrusion
element column, p,,;, is the minimum element density. K(5)U = F is
the equilibrium equation that is solved at each TO iteration.

To obtain a meaningful distribution of material within the design
domain, an interpolation scheme is required to distinguish between
solid and void regions. A widely adopted approach is the Solid Isotropic
Material with Penalization (SIMP) method [20], which discourages
intermediate material densities by penalizing them during the optimiza-
tion process, as they contribute less to structural performance. In SIMP,
the stiffness matrix of each element, k;(5,), is expressed as a function
of the element density j; and the stiffness of a fully dense element k; .
This is achieved by interpolating the Young’s modulus E;(j;) as:

Ei(p) = 17{) - Ey,; ®

where p is the penalization factor (typically p > 3). This formulation
promotes a clear 0-1 material distribution, encouraging elements to
converge toward either solid or void states.

To accurately define the extrusion direction in the optimization pro-
cess, the formulation (Egs. (2)) is tailored for ordered meshes generated
using a sweep method, in which source and target surfaces are clearly
identifiable. In other words, the finite element mesh is firstly defined
on the source surface and then extruded along a specific curve path.
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Fig. 3. Structural FE model of magnet (£,4q), former (£,44) and design
domain (£44).

This property is particularly useful when introducing the extrusion
constraint, since the elements are consequently arranged in the same
manner. In this way, several extrusion directions can be identified
based on the element-connectivity. In particular, the extrusion direc-
tions based on the element connectivity can be formulated as a square
binary matrix [21]:

4

extrusion

i _J 1, ifelementsiand j € Cy,
0, otherwise.

which is used to modify and average the objective function gradient of
each column of elements sharing the same extrusion direction.

The extrusion constraint is enforced at each TO iteration by modify-
ing the element densities 5; within each extrusion column C,, ensuring
that all elements in the column share the same density value as the
corresponding base element j; (i.e., the element located on the selected
source surface).

4. Finite Element model of initial non-optimized structure

The structural Finite Element (FE) model consists of two concentric
cylinders (magnet and former) which represent the non-design domain
Q44 surrounded by a larger domain that defines the so called design
domain region 244 where the material must be removed, as shown in
Fig. 3.

The initial mass considering both £,44 and £44 is about 11.3 tons.
Both the former and the design domain are assumed to be made of
SS316LN (E = 200 GPa, v = 0.3), a material widely adopted in
cryogenic structural applications due to its favorable combination of
mechanical performance and manufacturability. This steel is widely
used in large-scale fusion systems such as ITER. At cryogenic tempera-
tures, which match the operating range of the structure, this material
exhibits a yield strength of around 1000 MPa at 4 K [22], making it par-
ticularly suitable for high-field, mechanically demanding environments
such as this one.

The HTS magnets are composed of several layers of different ma-
terials, which are commonly a Hastelloy C-276 substrate (65%-75% of
total HTS thickness), a buffer layer (2%-5%), a REBCO superconducting
layer (1%-2%), a stabilizer layer made of copper (15%-25%) and an
optional encapsulation layer (0%-10%). Since a final HTS composition
has not yet been specified, this multilayer configuration is based on
representative architectures commonly found in existing commercial
HTS tapes [23]. Because of this multilayer structure, the mechanical
behavior of HTS materials is highly anisotropic, making direct mod-
eling challenging, specifically with the various geometric scales. To
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Table 2
Equivalent mechanical proper-
ties of homogenized HTS mate-

rial.

E, 115 GPa
E, 141 GPa
E, 141 GPa
G,y 44 GPa
Gy, 54 GPa
Vg 0.3

Vo, 0.3

address this, a homogenization technique was applied, allowing the
magnet to be modeled as a transversely isotropic material [24-26]. In
this model, mechanical properties are assumed to be constant in the
plane of the HTS tape and variable in the out-of-plane (radial) direction.
The following material parameters were defined for the HTS: radial
(E,), tangential (E,) and axial (E,) Young’s moduli; in-plane (G,,) and
out-of-plane (G,,) shear moduli, in-plane (v,y) and out-of-plane (v,,)
Poisson’s ratios (see Table 2 for HTS equivalent mechanical properties).

Although the magnets will operate at cryogenic temperatures
around 20 K, thermal contraction effects and thermomechanical loads
have not been included in the present work. This assumption is justified
by the focus of the study on EM load-bearing optimization during the
early conceptual design phase, where stiffness and material distribution
are the primary concerns. Moreover, in high-field fusion magnets, EM
loads generally dominate the mechanical response.

Due to the periodic symmetry of the EM loads produced by the mag-
nets, the resulting forces generated by each coil are directed radially
inward toward the central axis and repeat every 72°. This periodicity
allows structural analysis and TO to be performed in a single rep-
resentative sector, significantly reducing computational cost without
sacrificing accuracy. The EM loads were mapped onto the inner magnet
surface using ANSYS Workbench’s interpolation tools. The components
of the original loads for the first magnet are F, = —4.96 MN and F, =
—3.61 MN, respectively. Due to the mentioned periodicity of the loads,
the total net force and resulting moment, when considering all modules,
are zero, ensuring global static equilibrium.

The interaction between the former and the magnet, as well as
between the magnet and the design domain, was initially modeled
using bonded contacts. This simplification is appropriate for the early
conceptual design stage, where the focus is on exploring optimal ma-
terial distribution for structural stiffness and mass efficiency. Although
bonded contacts may slightly overestimate load transfer efficiency and
potentially increase local stress concentrations in the magnet, they
allow for a more stable and computationally efficient simulation. Fric-
tional contact, while more realistic for detailed mechanical behavior,
was intentionally not implemented due to its high computational cost
and slow convergence behavior, which can be prohibitive in iterative
TO workflows. Regarding boundary conditions, the periodic nature of
the geometry was enforced by applying periodic symmetry on the two
lateral faces of the 72° sector, and constraint to prevent the vertical
displacement were applied at the base of the design domain (see Fig.
3).

The displacement and stress fields of the initial non-optimized
structure is shown in Figs. 4 and 5. The maximum displacement, that
is lower then 1 mm, occurs in the magnet, while the most stressed
components is the former which exhibits a peak stress about 530 MPa;
furthermore, most of the stress is observed around the magnet and
on its front side, reflecting the directional nature of the applied EM
loads. An important safety parameter for the magnet is the longitudinal
strain (along the tape-wrapping direction), which must be kept below
0.4-0.5% [27] to prevent irreversible degradation of the HTS material’s
current-carrying capacity. Although tangential strain is typically used
in the assessment of narrow HTS tapes, in this study we opted to
evaluate the equivalent strain. This choice reflects the consideration
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Fig. 4. Displacement field [mm] of initial non-optimized structure.
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Fig. 5. Stress field [MPa] of initial non-optimized structure.
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Fig. 6. Equivalent strain field [m/m] of magnet (initial non-optimized struc-
ture).

that in wide HTS tapes, deformation components in all directions can
contribute to mechanical degradation. Moreover, to the best of our
knowledge, there is lack of data or established criteria available in the
literature for strain limits in wide HTS. Therefore, the equivalent strain
offers a conservative and holistic metric for evaluating the mechanical
behavior of the superconducting winding. In this case, the maximum
equivalent strain in the magnet is about 0.34% (see Fig. 6), while the
maximum stress on the magnet is about 410 MPa (see Fig. 5).
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5. Conceptual design of magnet’s reinforcements

The TO process for the design of the magnet’s reinforcements was
conducted in an iterative and hierarchical manner to progressively
refine the material layout within the design domain. In the initial
stage, the entire design domain was explored using a classical stiffness
maximization approach with only a volume constraint. This allowed
the optimizer to identify the general load paths and primary structural
features needed to withstand the EM loads. Based on the outcome of
this first optimization, a more compact design domain was defined,
excluding regions consistently identified as non-essential in the initial
iteration. This updated domain was then used as the starting point
for a second optimization run incorporating extrusion constraints, en-
abling the identification of key reinforcement patterns. Following this
second iteration, a parametric model was developed by extracting and
combining the key structural features observed in both TO outcomes.
This model was used to refine and formalize the design, enabling
controlled variation of geometrical parameters and further guiding the
development of a manufacturable and mechanically robust solution.

Although mechanical limits were not explicitly included in the
optimization formulation, the solutions presented in this work were
selected to satisfy a conservative global stress limit of 800 MPa, a
maximum magnet displacement of 1 mm and a maximum magnet
strain of 0.5%. The effect of such displacements on magnetic field
errors will be investigated in future studies. We emphasize that the
800 MPa stress limit is applied globally across all structural components
considered in the topology optimization, rather than being specific to
the SS316LN former or the HTS layer. This global constraint ensures
that no region of the optimized reinforcement experiences stresses
exceeding conservative material bounds under the EM loads.

5.1. Maximum stiffness of initial model s.t. volume constraints

Three different volume fraction constraints were investigated: 30%,
20%, and 10%. These cases allowed for a comparative analysis of how
material layout impacts the overall mechanical performance in terms of
displacement, strain and stress. The outcomes are summarized in Table
3.

All resulting outcomes exhibited a similar qualitative behavior: ma-
terial was mainly distributed around the magnet, forming a continuous
reinforcement structure that resisted the EM forces. Notably, none of
the configurations developed gravity support-like features, which is
consistent with the nature of the net EM load being directed radially
toward the machine center, and thus self-balanced in the full assembly.

Quantitatively, the solution at 30% volume fraction yielded a max-
imum displacement of 0.62 mm located on the magnet, a maximum
equivalent strain of approximately 0.34% (also within the magnet), and
a peak von Mises stress of 540 MPa in the former. The corresponding
maximum stress within the magnet itself is 411 MPa. Reducing the
volume fraction to 20% resulted in an increase in displacement to
0.81 mm and a slight increase in former stress to 566 MPa, with
the magnet stress again reaching 422 MPa. The maximum equivalent
strain remained essentially unchanged at 0.34%. Finally, under the
most aggressive volume constraint of 10%, the maximum displacement
increased to 1.5 mm, the equivalent strain in the magnet to 0.36%,
and the peak stress in the former reached 692 MPa. The corresponding
magnet stress in this case is 463 MPa. Figs. 7, 8, and 9 present the
element density distributions obtained at the end of each TO run. In
these figures, the non design regions are depicted in yellow.

5.2. Maximum stiffness of optimized model s.t. volume and extrusion con-
straints

Based on the obtained results in Section 5.1, a new starting geom-
etry (3.93 t) was defined to initiate the next stage of optimization (see
Fig. 10). To simplify the shape while retaining key structural features,

Fusion Engineering and Design 224 (2026) 115608

Table 3

Mechanical response of initial model under varying volume constraints. f:
volume fraction; m ;,,: final mass; u,,, : magnet maximum displacement; ¢
maximum magnet strain; ¢,,,,: maximum global stress.

magA:

7 1%] Mg 18] Uy [mm] e, 1%] Gper [MPa]
30 3.20 0.62 0.34 540
20 2.30 0.81 0.34 566
10 1.30 1.50 0.36 692

Fig. 7. Element density plot of initial topology optimized model with 30% of
volume fraction (m;,, = 3.20 t).

N
N

NN

TN

i,
T

Fig. 8. Element density plot of initial topology optimized model with 20% of
volume fraction (m ;,, = 2.30 t).

the material distribution from the first TO was projected onto the
magnet’s cross-sectional plane. This projection was then used to delin-
eate the new design boundary. For clarity and manufacturability, the
boundary was reconstructed using a B-spline representation controlled
by a limited number of points, allowing the complexity of the geometry
to be reduced.

Following the methodology described in Section 3, several opti-
mizations were performed by progressively modifying the extent of
the non-design domain around the magnet and adjusting the volume
fraction accordingly. This approach was adopted to assess how the
imposed non-design domain influences the final material distribution
and to better understand the impact of its size on the optimized struc-
tural layout. The volume fraction adjustment ensured that all design
cases resulted in comparable total masses, maintaining a consistent
baseline for performance comparison. As in the previous analysis, each
solution was evaluated in terms of material distribution, displacements,
equivalent strains, and von Mises stresses, with particular attention
paid to the structural response of the magnet.
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Fig. 9. Element density plot of initial topology optimized model with 10% of
volume fraction (m;,, = 1.30 ).

Fig. 10. Reconstructed design domain for second-stage optimization.

Region 3

Region 1

Region 2 Region 4

Fig. 11. Extrusion regions. Regions 2-3-4: extrusion constraint along toroidal
direction; Region 1: extrusion constraint along magnet radial direction.

The extrusion constraints were enforced simultaneously by parti-
tioning the design domain into several distinct regions as shown in
Fig. 11, each assigned to a specific extrusion direction. In more detail,
the extrusion directions are radial (normal to the cylindrical magnet
surface) for Region 1, and axial (along magnet axis) for Region 2-
3-4. This method of enforcing multiple different extrusion directions
enables more practical and manufacturable designs while preserving
optimization flexibility and mechanical performance.
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Table 4

Topology optimization results for different extrusion constraints. Here, 1,
denotes the number of extrusion layers and f the applied volume fraction.
Reported values include final mass m;,;,,, maximum magnet displacement

Uy » €Quivalent strain ¢, , and maximum stress o,,,,

Miayers /%] Mying 1] e Emag. [%] max [MPal
50 1.89 0.64 0.37 620

3 37.5 1.57 1.30 0.36 720
25 1.17 1.60 0.47 886
45 1.99 0.62 0.36 600

6 31 1.58 0.83 0.37 710
17 1.22 0.88 0.38 793
36 1.94 0.57 0.34 620

9 21 1.62 0.60 0.35 670
5 1.33 0.65 0.37 780

To constrain the model, one node of the design domain has been
constrained in both toroidal and vertical directions, while bonded
contacts have been again applied between each body in the FE model.
The analyzed cases are shown in the first and second columns of Table
4. Here, n,y,,, is the number of layers and it is referred to the number
of elements that surround the magnet and belong to the non design
domain during TO process. The elements around the magnet are largely
uniform in the direction normal to its respective outer surface, but tend
to contract in Region 2. Approximately each layer of elements has a
thickness of 1.6 cm.

The optimized material distributions are presented in Fig. 12. As
shown in Fig. 12a-d, TO consistently promotes the formation of rib-
like structures surrounding the magnet, providing enhanced stiffness
along critical load paths. Additionally, all solutions consistently retain
material at the front side of the magnet, as clearly illustrated in Fig.
12f. This recurring feature highlights its structural importance across
different configurations and suggests the necessity of incorporating a
central ring in the final design. It is also evident that the majority of
material tends to concentrate in regions 1 and 2. Minor differences in
mass (see Table 4) across analogous cases are due to the relatively large
tolerance set for the termination criteria (z = 0.1). This choice enabled
faster convergence of the optimization process without significantly
affecting the quality or reliability of the results.

As the thickness of the material surrounding the magnet increases,
both the maximum displacement within the magnet and the peak stress
in the structure tend to decrease. In terms of equivalent strain, values
remain largely consistent across most cases; however, a noticeable
increase is observed in the configuration with three layers and the
lowest volume fraction due its lower stiffness.

5.3. Parametric model

Here, the objective was to minimize the structural mass ensuring
that the displacement of the magnet was below 1 mm, while its strain
under 0.5%, and the maximum global stress lower then 800 MPa.

To transition from the TO results to a manufacturable structural con-
cept, a parametric model was developed. The goal was to capture and
combine the most relevant geometric features consistently observed
across the optimized solutions, such as the presence of reinforcing ribs
and the central ring (see Fig. 12).

The parametric model comprised of a Magnet Reinforcement (MR)
with two Poloidal Ribs (PRs) at each end, and a Central c-shaped
ring (CR), as shown in Fig. 13. Consistent with Section 5.2, one node
is constrained in both toroidal and vertical directions, and periodic
symmetry were applied.

The key design parameters selected to define the optimal configu-
ration include the Magnet Reinforcement thickness (7)), the former
thickness (7,,,,), the radial thickness of the Central Ring (7cg), and

the radial thickness of the ribs (z,,;,), while the remaining geometrical
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Fig. 12. Topology optimization solutions with volume and extrusion constraints. Figures (a)-(c): 3 layers, volume fractions 50%, 37.5%, 25%; Figures (d)-(f): 6

layers, 45%, 31%, 17%; Figures (g)-(i): 9 layers, 36%, 21%, 5%.

Fig. 13. Lateral view of the parametric model for DoE. ¢,,,: Magnet Reinforce-
ment thickness; 7 ,,,,,: former thickness; 7p: Central Ring radial thickness; 7 p:
Poloidal Ribs radial thickness.

parameters have been set according to the TO solutions (see Fig. 13 for
selected parameters).

The impact of the selected parameters on the structural performance
was assessed using ANSYS Design of Experiments (DoE), which en-
abled a systematic exploration of the design space through a series
of parametric simulations, facilitating the identification of optimal
configurations. The results obtained are shown in the plots of Figs. 14
and 15.

Each solution in Figs. 14 and 15 is referred to a combination of
IMR> T formers tcr @nd 1., obtained with the Latin Hypercube Method
(LHM). Additional bound limits on the selected variables were included
to promote a feasible design. Nearly all evaluated design points satisfied
the imposed constraints, with the exception of solution 3, where both
maximum displacement and stress slightly exceeded acceptable limits.
Among all the evaluated design points, solutions 5 and 18 emerged
as the most promising. While solution 18 exhibits marginally higher
displacement (0.7 mm vs. 0.5 mm for solution 5) and stress (625
MPa vs. 588 MPa), its equivalent strain remains comparable to that
of solution 5 (0.37%). Notably, solution 18 achieves this performance
with a reduction of nearly 300 kg in total mass, making it an attractive
lightweight alternative.

5.4. Proposed design of magnet’s reinforcements

The selected design (solution 18) was refined to ensure well-defined,
manufacturable structural features and to prevent any interference with
adjacent sectors (see Fig. 16). Specifically, the PRs were positioned
slightly inward from the ends to mitigate potential interference caused
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Parametric Model Results: Mass - Stress - Strain
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Fig. 14. Results of parametric model in terms of mass (one sector), maximum
global stress and maximum magnet strain.

Parametric Model Results: Mass - Stress - Displacement
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Fig. 15. Results of parametric model in terms of mass (one sector), maximum
global stress and maximum magnet displacement.

by manufacturing tolerances and deformation during operation. This
offset also facilitates assembly: the PRs are intended to be directly
welded onto the outer MR surface, but a small clearance is necessary to
slide them into place before welding. Therefore, a gap is intentionally
provided at both ends of the MR to allow sufficient space for the weld
seams.

A central hole was introduced in the CR to ensure tangential con-
tinuity, thereby eliminating sharp corners and reducing stress concen-
trations.

Additionally, two plates were designed to fully enclose the magnet
and former, effectively preventing possible axial motion (along magnet
axis). The former will be directly connected to these plates through
bolted joints, ensuring secure and reliable attachment. A further struc-
tural element, referred to as the Outer Cylinder (OC), was introduced to
fully enclose and protect the magnet during the fitting operation within
the MR.

The thickness of the CR were reduced by increasing the MR thick-
ness towards the machine center, allowing the possibility of assembling
the two components using bolted connections. Moreover, the CR were
furthermore divided in three main components, that are vertical plates
which will be joined with the MR and two upper and bottom horizontal

Fusion Engineering and Design 224 (2026) 115608

Fig. 16. Representation of the conceptual design of the magnet reinforce-
ments.

NE

Fig. 17. Exploded view: (1) former, (2) magnet, (3) OC, (4) MR, (5) PRs, (6)
former caps, (7) CR vertical plate, (8) CR bottom plate, (9) CR upper plate.

plates. The bottom plate, with a pentagonal shape, will serve as a base
for the vertical plates; the two components can be jointed either with
bolt connections or weldings. In the first case, the assembly is clearly
more modular, however the bolts will carry most of the applied loads.
In contrast, the welded connection offers better load distribution due
to greater continuity and more effective load sharing across the entire
joint.

Lastly, the double symmetry of the MR allows for efficient produc-
tion via casting. The inner surface, which interfaces with the OC, can
be further refined to achieve the required surface roughness.

5.5. Assembly procedure

In this section, we outline a proposed assembly procedure to ensure
that all components can be integrated seamlessly and achieve the
desired structural integrity under operational conditions. An exploded
view of the magnet reinforcements components is depicted in Fig. 17.

The first step consists of winding the wide, engraved HTS tape
around a cylindrical former with suitable winding tension. This opera-
tion results in the creation of the magnet-inner former unit. Once the
winding is complete, the entire assembly is cooled down to facilitate
the next step, which involves inserting this unit into the OC. This step
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requires a slight interference fit to ensure a secure and rigid connection
between the components.

After assembling the magnet, inner former, and OC into a unified
structure, this composite unit is inserted into the MR. This second
insertion can be achieved through either a classical interference fit or
a tapered fit. In the case of a conical (tapered) coupling, cooling of
the internal components can often be avoided, as the angled surfaces
allow insertion by applying an axial force, which generates the required
contact pressure between components. The efficiency of this method,
however, depends heavily on the taper angle, interference magnitude,
and surface roughness. Once inserted, two additional plates are at-
tached to the lateral faces of the module. These plates serve to fully
enclose the magnet, thereby minimizing possible axial movement, and
mechanically connect the inner former to the MR using bolted joints.
The MR also extends toward the machine center to provide sufficient
material thickness to host radial bolts used for connecting to the CR.

Following this step, the CR assembly can be performed indepen-
dently. The CR consists of a bottom pentagonal plate, five vertical
plates, and a top plate matching the bottom geometry. These compo-
nents are joined using either bolted or welded connections, depending
on the desired mechanical performance and modularity.

Then, the MR and CR assemblies are connected using radial bolts
inserted through the inner sides of the CR’s vertical plates. Finally the
upper plate is bolted on CR’s vertical plates.

Future design could include a larger circular hole for the upper
plate, which could be welded with the vertical plates for better struc-
tural connection. This should also provide sufficient space for inserting
the radial bolts. Another option that could increase the CR stiffness,
consists of directly casting all components (vertical, bottom and upper
plates), eliminating the need for precise welded connections between
the plates.

5.6. FEA of proposed design of magnet’s reinforcements

To evaluate the effects of the design changes described in Sec-
tion 5.4, a FEA was carried using boundary conditions similar to those
detailed in Section 5.2, with the exception of the contact definitions
used to model the interactions between the OC, the magnet, and the
MR. Specifically, a bonded contact was assumed between the magnet
and the former, reflecting the presence of tape that will be secured
to the former. In contrast, frictional contacts were defined at the
interfaces between the OC and the magnet, as well as between the OC
and the MR, using a friction coefficient of y; = 0.15. A preliminary
interference value of i = 0.05 mm was assumed in this study for the fit
interfaces; however, dedicated analyses are required to determine the
optimal interference values to guarantee consistent contact, particularly
during cool-down and to avoid separation between components under
operational conditions.

The magnet undergoes a maximum displacement of 1.1 mm (see
Fig. 18), with a peak strain of 0.50% and a corresponding maximum
von Mises stress of 648 MPa (see Fig. 19). The highest stress within the
entire assembly occurs in the lateral plates, where the stress reaches up
to 870 MPa.

Although the peak stress slightly exceeds the value obtained with
the parametric model, it remains below the acceptable limit of 1000
MPa. The magnet displacement, which is nearly two times greater,
could be reduced by increasing either the PRs dimensions or the MR
thickness. Finally, the magnet strain can be further minimized by
increasing the interference fit between components.

6. Conclusion and future works
In this work, a structural optimization framework was developed

for the conceptual design of reinforcement structures for a 10 T on
axis, 52 cm bore stellarator magnet. The design process began with
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Fig. 18. Displacement field of proposed design [mm].
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Fig. 19. Stress field of proposed design [MPa].

an initial mass minimization strategy, which led to a significant re-
duction in the design space, from 11.3 t to 3.93 t. A second round
of Topology Optimization, incorporating multiple extrusion constraints,
further reduced the mass to 1.65 t and revealed key structural features
such as a C-shaped Central Ring (CR), Poloidal Ribs (PRs), and a
Magnet Reinforcement (MR). A parametric model was then created
based on the second optimization run to explore design variants and
refine key parameters, ultimately achieving a final mass of 1.20 t. To
accommodate manufacturing and assembly requirements, the design
was slightly adjusted without compromising its structural integrity. The
final proposed configuration experiences a maximum displacement of
1.1 mm, a peak strain of 0.50%, and a von Mises stress of 648 MPa in
the magnet. The highest stress in the assembly, 870 MPa, is reached
in the lateral plates. Compared to the initial large-scale design, this
approach resulted in a nine-fold reduction in mass, while maintaining
acceptable mechanical performance.

Future developments should focus on the detailed design of sub-
components through high-fidelity FEA, including the modeling of bolts,
and welds. Additional efforts should be directed toward optimizing in-
terference fits to achieve the desired magnet pre-compression. Another
promising direction is the exploration of higher-dimensionality Topol-
ogy Optimization, for example using beam or truss representations;
this could enable to reach lighter structures, while also allowing for
asymmetric configurations that may exhibit superior structural perfor-
mance. A thermo-mechanical analysis under realistic operating condi-
tions is also essential to evaluate potential contact losses or mechanical
degradation during cool-down phases and operational conditions.
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In the present study, the mechanical response under only the EM
loads were considered, which typically governs the early-stage de-
sign of the reinforcement structure. Stellarator magnets are generally
conceived for steady-state operation; however, for this experimental
device, multiple energization cycles will occur due to repeated oper-
ation. These cycling loads, which may give rise to fatigue effects, will
be included in future iterations of the structural optimization.
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