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This study introduces a structural optimization method for magnetic flux concentrators (MFCs) utilizing the particle
swarm optimization (PSO) algorithm, addressing inefficiencies and challenges in achieving optimal structures with tra-
ditional methods. By integrating the PSO algorithm with COMSOL Multiphysics simulation software, a co-simulation
framework is developed to optimize the parameters of a conical MFC. Compared with traditional methods, this approach
enhances optimization results by twofold, achieving a magnetic field amplification factor of up to 200 within the defined
parameter range. Additionally, an evaluation criterion for concentrator optimization is proposed, offering novel insights for

designing concentrators across various scenarios.
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1. Introduction

Weak magnetic detection technology is a core preci-
sion measurement technique with widespread applications
in scientific research and engineering. Its high sensitiv-
ity and nanometer-scale resolution make it indispensable
for many fields including biomedical imaging,’*) geologi-
cal exploration,>* and quantum sensing.!>! For example,
in fundamental physics, it resolves hyperfine magnetic in-
teractions in quantum systems.!’! In industry, it enables de-
fect detection in semiconductor manufacturing!®°! and non-
destructive inspection of electrical equipment.!!%!l Main-
stream magnetic detection technologies encompass supercon-
ducting quantum interference devices (SQUIDs), giant mag-
netoresistance (GMR) sensors, nitrogenvacancy (NV) color
center magnetometers, optical pumping magnetometers, and
fluxgate magnetometers. To enhance detection sensitivity,
researchers have proposed optimization strategies for these
methods, such as increasing NV center concentrations, '?! op-
timizing SQUID gradiometer and pickup coil structures to
reduce noise,!'*! and leveraging light-induced narrowing to
suppress magnetic resonance linewidth broadening in optical
pumping magnetometers.!!'* In addition, the introduction of a
magnetic flux concentrator (MFC) offers a novel approach to
enhance weak magnetic field detection. Its efficacy in boost-
ing sensitivity has been demonstrated in Hall and magnetore-

5.[13-16] This method does not require altering the

sistive sensor
material properties or complex microfabrication processes of

devices, thereby ensuring broad applicability and compatibil-
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ity. The MFC can be readily adapted to diverse sensor systems,
such as Hall, magnetoresistive, and GMR sensors, with rela-
tively low system complexity and technical barriers. Further-
more, the structure and size of the MFC can be easily adjusted
to meet specific application requirements, which is advanta-
geous in terms of cost and engineering implementation.

Flux concentrators enhance magnetic fields via magnetic
flux convergence, demonstrating significant promise in inte-
grated magnetometers. For instance, adopting a T-shaped
flux concentrator in a magnetometer based on NV centers
has been shown to improve sensitivity from 1.5 nT/+/ Hz to
0.13 nT/y/Hz.['"! Similarly, combining a flux concentrator
with a SQUID in magneto-enterogram (MENG) systems can
also enhance detection sensitivity, achieving a 9.86-fold in-
crease in the magnetic field within a 0.2-1.0 Hz signal range
with a variance of only 3.42%, thus more effectively assisting
the diagnosis of acute mesenteric ischemia./'® Furthermore,
integrating a Hall sensor within a specially designed flux con-
centrator can increase the effective sensitivity by at least three
orders of magnitude.!'”! However, current designs of MFCs
face several technical challenges, with two most notable being
the limited amplification and lack of systematic optimization
approaches. Currently, almost all MFCs used in various mag-
netometers adopt classic shapes, including conical, T-shaped,

(201 Although classical shapes have theoreti-

cylindrical, etc.
cally good flux-concentration effects, the extensive parame-
ter combinations and enormous simulation requirements pose

challenges for traditional optimization methods which attempt
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to explore as many combinations as possible to identify the op-
timal parameters. In contrast, intelligent algorithms, with the
capability for efficient search and rapid computation, are well-
suited to address these issues, but most existing optimization
studies focus solely on magnetic amplification without con-
sidering practical constraints such as volume limitations for
integrated applications.

In current scientific research, intelligent algorithms have
emerged as the driving force for transcending the limitations of
traditional methodologies. By emulating natural laws or bio-
logical intelligence, these algorithms offer a novel paradigm
for modeling, optimization, and the prediction of scientific
problems. The suitability of different intelligent algorithms
is contingent on their unique characteristics and the spe-
cific application scenarios. For instance, deep learning algo-
rithms have been employed in gene sequence analysis,?!! cli-
mate model prediction,??! and autonomous driving path plan-
ning through reinforcement learning mechanisms.!??! Simi-
larly, genetic algorithms have been utilized to optimize multi-
spectral camouflage adjustable multilayer film metamateri-
als with thermal management functions, thereby enhancing
laser stealth capabilities by simulating the biological evolution
process.?*l Additionally, the simulated annealing algorithm
has been applied in drug design research to identify molecules
with high binding affinity to specific target protein pockets. >

Among various intelligent algorithms, the particle swarm
optimization (PSO) algorithm is widely applied to multi-
objective optimization problems (MOPs) due to its high ef-
ficiency and implementation simplicity, such as in fields
like production scheduling, power system planning, and im-
age processing.[?%] Compared to the traditional control vari-
ates method,[?”1 PSO facilitates multi-parameter collabora-
tive optimization via a global search, enhancing the mag-
netic field amplification factor while reducing volume redun-
dancy, offering a novel approach for optimizing the structure
of MFCs.
presents some distinct advantages.

In contrast to other intelligent algorithms, PSO
Group parallel search-
ing of PSO enables rapid parameter space traversal, unlike
the genetic algorithm’s lengthy iterative convergence due to
chromosome crossover.!?’! In addition, in scenarios requir-
ing dynamic topology adjustments of MFCs, PSO’s inertia
weight adjustment mechanism adeptly balances global explo-
ration with local exploitation, unlike the simulated annealing
algorithm, which may accept inferior solutions during high-
temperature transitions.[?8! Lastly, PSO’s dual memory mech-
anism, incorporating individual and group optima, effectively
overcomes the local optimum trap of traditional gradient de-
scent methods. >’!

This study presents the basic principles of MFCs and
their applications, employing PSO coupled with the multi-
physics simulation tool COMSOL to comprehensively analyze

the global optimization of the concentrator’s geometric param-
eters. The optimized concentrator design is experimentally
validated, demonstrating the efficacy of the proposed method-
ology. Furthermore, a performance evaluation index for MFCs
is introduced, highlighting the need for future research to in-
vestigate the influence of factors such as manufacturing com-
plexity and temperature stability, thereby enhancing the prac-
tical and theoretical value of this work.

2. Principles
2.1. MFC

MECs are essential structures that enhance the sensitivity
of magnetic sensors, whose primary function is to converge
magnetic field lines and amplify the magnetic field through tai-
lored geometric shapes and material properties. These devices
are typically fabricated using soft magnetic alloys with high
permeability and low coercivity. The manufacturing process
often involves mechanical cutting followed by annealing to
improve the hysteresis characteristics of the soft magnetic ma-
terial. Permalloy, composed of iron, nickel, and cobalt, is the
most commonly used material due to its relative magnetic per-

30311 This property makes

meability reaching the order of 10%.1
permalloy particularly suitable for applications requiring mag-
netic shielding, such as the measurement of weak magnetic
fields. Alternatively, Mn—Zn ferrite, with a slightly lower per-
meability of several thousand, 132] offers hi gh resistivity, reduc-
ing eddy current losses and minimizing magnetic noise from

thermal fluctuations.

Fig. 1. MEC of T-shape, pentagon-shape and cone-shape.[?]

When a ferromagnetic material is subjected to an external
magnetic field H|), an opposing demagnetizing field Hy, is gen-
erated within it. Consequently, the total magnetic field inside
the material becomes

H' = H\+ HY,. (1

For a homogeneous and isotropic ferromagnetic material, the

demagnetizing field generated inside the material equals'>*!

Hp = —NgM', @

where Ny is the demagnetization factor related to the geomet-
ric shape and size of the material. M’ = yH’ is the magneti-
zation. ) is the magnetic susceptibility with ¥y = ur—1. Con-
sidering only the intensity in the direction of the external mag-
netic field H), the ratio of the actual magnetic induction in-
tensity B in the presence of this ferromagnetic material to the
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magnetic induction intensity By of the external magnetic field
in the absence of this ferromagnetic material is defined as!>*!

_ B pomRr|H'| HR

By wolH)|  1+Ng(ur—1)’

where Ly is the vacuum permeability and tr is the relative

3)

permeability of the material. When the relative permeability
of the material is high enough, the above equation simplifies
to
1

Gr No “
For spherical materials, Ny usually equals 1/3,%! but the ge-
ometry can be designed to decrease the value of Ng,**! thereby
enhancing the magnetic field. In most ferromagnetic materials
with more intricate geometries, analytical solutions for Ny are
unavailable, necessitating finite element software for numeri-
cal simulations to solve G directly. This approach enables the
amplification of the external magnetic field through the design

of specialized ferromagnetic materials.

2.2. PSO

The PSO algorithm is a metaheuristic inspired by the co-
operative foraging behavior of social animals, such as flocks of
birds or schools of fish. By observing these natural systems,
researchers have found that the sharing of information within
a group confers evolutionary advantages, which can be lever-
aged to achieve global optimization in scientific problems. In
the PSO algorithm, each particle represents a potential solu-
tion, and the algorithm simulates the particle’s velocity and
position updates within the solution space. The particle’s mo-
tion is driven by both its individual historical optimal solution

Modeling & simulation

Algorithm optimization

(governed by cognitive coefficients) and the global optimal so-
lution of the population (governed by social coefficients). In
each iteration, the particle updates its velocity and position ac-
cording to the following rules:

1
Vith=w-vi+cr-ri - (Poesti — ) + 212+ (8best — %) , (5)
1 1
xl;.+ = _x§ + v:»+ 5 (6)
where v} and x! are the velocity and position of the particle i at
the " iteration, respectively. @ represents the inertia weight.
c1 and ¢ are the cognitive and social coefficients, respectively.
r1 and ry are the random numbers inside [0, 1]. By establish-
ing the connection between each particle and the individual’s
historical optimal position ppes; and the group’s global opti-
mal position gpest, the particle swarm gradually moves to the

high-quality solution area.

3. Modeling and optimization

This work takes the conical flux concentrator as an ex-
ample to establish and validate the PSO-COMSOL optimiza-
tion framework. The PSO-COMSOL framework developed
here provides the essential foundation for future extensions to
other geometries. The optimization of the conical flux con-
centrator employs a PSO algorithm, which can be divided into
three phases: modeling and simulation, algorithm optimiza-
tion, and verification feedback. This process forms a closed
loop, with the optimization results evaluated through two val-
idation steps: simulation validation and experimental valida-
tion, as illustrated in Fig. 2.

Verrification & analysis

Starting optimization

Outputting results and the
number of calculations

l

COMSOL simulation of
classical shapes

Initializing parameters and
coefficients

Producing permalloy
according to results

!
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magnetic amplification
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|
|
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Fig. 2. PSO process.
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3.1. COMSOL modeling and verification of magnetic field
amplification

To optimize the design of the MFC, a 3D axisymmetric fi-
nite element model was developed in COMSOL Multiphysics
to verify the magnetic amplification effect. The model mainly
consists of two symmetrically arranged conical soft magnetic
alloy (permalloy) components, fixed on both sides of an air
gap, with a uniform background magnetic field applied along
the Z-axis in the external air domain. To minimize computa-
tional load, the conical cross-section was initially drafted in
the plane, then symmetry and rotation were applied to achieve
the complete geometry, as illustrated in Fig. 3. The geomet-
ric specifications include a 20 mm radius at the cone base, a
1 mm radius at the top, a height of 20 mm, and a 1 mm air gap
width. Permalloy was selected to simulate the magnetic flux
convergence properties of the soft magnetic material.

D
Rpottom = 20 _}nnl
/

/
e

Rm}/é 1 mm

/

«— Gap=1 mm

AN

N
H =20 m\
\\

Fig. 3. Conical section model.

The magnetic field (mf) module is employed to better de-
scribe and construct the physical field. Firstly, modeling the
environment around the concentrator, where the air domain is
defined as free space, is used to specify the physical conditions
in the vicinity of the device. Secondly, the axisymmetric con-
dition is applied to the conical geometric cross-section. This
ensures that the axis of symmetry adheres to either the zero
Neumann condition or the no-flux condition, aligning the geo-
metric configuration with real-world physical scenarios. Addi-
tionally, to designate the study area within the air domain, the
magnetic insulation condition must be set for the air domain
boundary. This entails setting the tangential component of the
magnetic vector potential at the boundary to zero as follows:

nxA=0. 7)

Equation (7) indicates that the tangential component of the
vector potential at the material surface is zero. This implies
that the magnetic field circulation remains constant at this

boundary, thereby preventing magnetic flux from crossing it.
This condition serves to simplify the model and guarantee the
attainment of the intended magnetic field configuration in the
simulation. Particularly in intricate electromagnetic field anal-
yses involving magnetic materials, it plays a crucial role in
regulating the magnetic field distribution, refining design opti-
mization, and enhancing simulation accuracy.

Ampere’s law in solids is applied to the two conical flux
concentrators in order to accurately model the magnetic field
in and around the conical concentrators. This model integrates
the intrinsic properties of magnetic materials and considers the
effects of metal geometry, material properties such as conduc-
tivity and permeability, and other factors, yielding a realistic
depiction of the magnetic field distribution. The relations are

as follows:
VxH=J, ®)
B=VXx (A, +A;), ©)]
J=0E, (10)
B = uou:H, (11
D = g¢&E. (12)

Equation (8) indicates that the curl of magnetic field H equals
the current density J, which shows how current generates a
magnetic field and is the basis for modeling magnetic interac-
tions. Equation (9) defines the relationship between the mag-
netic field B and the vector potential (A and A;). Vector po-
tentials are mathematical representations that simplify elec-
tromagnetic theory calculations, and their sum indicates the
contributions from different sources or regions. Equation (10)
shows that current density J is proportional to the electric field
E, indicating the material’s response to the applied electric
field, where o is the conductivity of the material, and thus
affects the overall magnetic field distribution. Equations (11)
and (12) are constitutive relationships, showing that the mag-
netic induction intensity is affected by the nature of the ma-
terial and that the electrical properties of the material have a
direct effect on the electric displacement vector. o, (U, €,
and & represent the magnetic permeability of free space, the
relative magnetic permeability, the dielectric constant of free
space, and the relative dielectric constant, respectively.

The mesh division employs an adaptive dissection strat-
egy, strengthening the mesh at the MFC tip region while loos-
ening it in the air domain to optimize accuracy and compu-
tational speed for magnetic field gradient calculations. Fig-
ure 4 illustrates the simulation results, demonstrating the con-
vergence of magnetic lines at the MFC tip and achieving over
ninefold magnetic field amplification. This confirms the fea-
sibility of the simulated flux concentrator in amplifying the
magnetic field.

040701-4



Chin. Phys. B 35, 040701 (2026)

Magnetic amplification
PPOOOOOOOLOO,, O

POORNWRU DX O~
\\
///

0 0.5 1.0 1.5 2.0
Length (mm)

Fig. 4. Simulation results of conical flux concentrator: (a)—(b) the con-
centration of magnetic lines with the MFC, and (c) magnetic amplifica-
tions at different lengths in the gap.

3.2. PSO based on COMSOL simulation

To efficiently optimize the structure of the flux concentra-
tor, this study employs a co-simulation framework, integrating
PSO with multi-physics field modeling. The process focuses
on parametric modeling, algorithm optimization, and data in-
teraction, optimizing the flux concentrator structure through
iterative algorithms. The specific implementation steps are
as follows. Set key dimensional parameters including top ra-
dius Ryop, bottom radius Ryowom, height H, and gap d. Adjust
the values of these parameters and simulate the magnetic in-
duction intensity at the center of the two concentrators in the
COMSOL model, and the magnetic amplification factor is cal-
culated. The simulation results, as shown in Fig. 5, demon-
strate a significant enhancement of the magnetic induction in-
tensity when Ryop = 2 mm, Rpoyom = 20 mm, H = 20 mm and
d = 5 mm, achieving a magnetic amplification of 18 times.

Gap =0.1 mm, Long edge =20 mm, Vertical edge =20 mm

1a19.5
v 1B
*§ 15
S 14
= 10
g
= 51 1 10
Q
o— O
k3] 6
5 -5
[
= —10/ 1 M2
—15L _— . . Jv6.39x10-8

0 10 20 30 40 mm

Fig. 5. Simulation results of the magnetic field intensity |B| of the conic
concentrator.

The concentrator above notably enhances the magnetic
field, thereby improving the magnetometer’s sensitivity. How-
ever, it falls short of expectations, indicating the potential for

further optimization. Table 1 presents some finite element sim-

ulation results for various parameter combinations.

Table 1. Simulation results of some selected parameter combinations.

Height Bottom radius  Top radius Gap Amplification
Set1 10 mm 10 mm 1 mm 1 mm 13.69
Set2 15 mm 20 mm 2 mm 1.5 mm 13.42
Set3 30 mm 20 mm 3 mm 1.5 mm 22.83
Set4 30 mm 20 mm 2 mm 3 mm 12.62
Set5 40 mm 30 mm 3 mm 3 mm 17.91
Set6 40 mm 30 mm 3 mm 4 mm 13.44
Set7 40 mm 30 mm 3 mm 1 mm 41.40
Set8 40 mm 40 mm 3 mm 1 mm 45.68
Set9 50 mm 40 mm 3 mm 1 mm 58.18
Set 10 50 mm 40 mm 2 mm 1 mm 63.73
Set 11 50 mm 50 mm 2 mm 1 mm 64.42
Set 12 50 mm 60 mm 2 mm 1 mm 59.08

The data presented in the table suggests an empirical re-
lationship. As the cone’s height increases, the base radius in-
creases, the top radius decreases, and the gap narrows, lead-
ing to greater magnetic amplification. Based on this observed
trend, an initial set of parameter values was selected to serve
as a reasonable starting point for the optimization process,
guiding the algorithm towards a more promising optimization
direction and reducing computational effort: Ry, = 2 mm,
Riottom = 50 mm, H = 50 mm, and d = 1 mm. This set
of parameters is then used as the initial shape for optimiza-
tion, and the particle swarm algorithm is used to optimize the
shape within the parameter ranges: Riqp € [1,8] mm, Rpoom €
[10,50] mm, H € [10,60] mm, and d € [1,5] mm.

The above approach confirms the viability of employing
the flux concentrator for magnetic field amplification and es-
tablishes the initial optimization value. Subsequently, the al-
gorithm is used to interface with COMSOL Livelink, facilitat-
ing the control of COMSOL to define parameters, construct
geometry, select materials, set up physical fields, configure
solvers, and read results, thereby completing the model de-
velopment. Key parameters in the algorithm are then deter-
mined, including the cognitive coefficient ¢y, social coefficient
¢2, and inertia weight @. The cognitive coefficient specifically
adjusts the particle’s reliance on its historical best position.
Among them, the cognitive coefficient ¢; modulates a parti-
cle’s reliance on its historical optimal position. A high cog-
nitive coefficient, for example ¢; > 3, enhances local search
capabilities but may restrict the search range and lead to lo-
cal optima. Conversely, a very low cognitive coefficient di-
minishes the impact of individual experience, reducing con-
vergence efficiency. The social coefficient ¢, governs par-
ticle convergence towards the group’s optimal solution. A
high social coefficient, for example ¢, > 3, accelerates pop-
ulation convergence but risks premature convergence, while
a low social coefficient limits information sharing, impairing
global exploration. Inertia weight w influences the continuity
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of particles’ motion direction. A high inertia weight (e.g., 0.9)
broadens the exploration range, whereas a low inertia weight
(e.g., 0.3) improves local exploitation precision. To enhance
initial exploration and accelerate late-stage convergence, the
following parameter settings are set: Wmax = 0.9, Wyin = 0.4,
Cnitial = 2.0, ¢2nitial = 1.5, €1 finat = 0.5, ¢2_finat = 3.0. As
the algorithm progresses, the cognitive coefficient decreases

nonlinearly, while the social coefficient increases nonlinearly,

as follows:
® = Omax — (Omax — Omin) X P, (13)
C1 = C1_initial — (ClLinitial — C1_final) X P° (14)
€2 = C2_initial + (C2_final — C2_initial) X P°, (15)
P = i/niteration37 (16)

where p denotes the iteration process, i is the number of itera-
tions, and Zjerations 18 the total number of iterations.

{ Returningto |
S !
START \__ Algorithm |

Invoking PSO-COMSOL
interface

Storing magnetic amplification
for each particle

_____ [

I Entering H
i__ Algorithm |

Modeling

‘Whether new individual optimal
values and group optimal values

[ 1

Outputting the optimal values

1 Updating the optimal values

Initializing particles

Beginning iterative

velocities for particles based

1 Adjusting positions and
on the optimal value

calculations

(" “Entering
| _COMSOL__|

Whether the maximum
number of calculations is

Yes

Calculating magnetic
amplification for each particle

[— Starting next iteration

Fig. 6. Co-simulation of COMSOL with PSO algorithm.

Table 2. Simulation results of PSO algorithm.

Calculations Height (mm) Bottom _TOP Gap (mm) Amplification Volume » (mm?)
radius (mm) radius (mm)
24 60.0000 50.0000 1.0000 1.0000 82.18 160202.80
50 59.9687 50.0000 1.0031 1.0000 83.22 160129.35
100 53.8333 21.8756 3.2749 1.1361 100.55 31604.61
150 60.0000 28.7559 1.6621 1.0000 117.34 55104.50
200 60.0000 50.0000 1.4129 1.0000 117.62 161561.87
300 60.0000 33.2527 1.5308 1.0000 123.25 72784.49
450 60.0000 30.4374 1.0000 1.0000 124.34 60154.41
800 58.4250 50.0000 5.2962 1.0000 171.52 170787.56
1500 60.0000 44.4394 3.5861 1.0000 164.60 134836.91
2400 58.7443 48.4274 4.4530 1.0022 179.57 158675.50
3200 60.0000 49.2902 4.4197 1.0015 187.46 167481.66
4600 60.0000 50.0000 7.3550 1.0000 186.29 183491.93
5600 60.0000 50.0000 7.2545 1.0000 211.83 183084.15

The below figure shows the basic flow of PSO combined
with COMSOL for optimization. The process begins with a
predefined initial value, introduces random perturbations, and
assigns values to all particles in the population. Subsequently,
the model calculates the magnetic amplification for each of

these particles. This information is fed back into the algorithm
to initiate the next iteration. In each new iteration, particles
are adjusted based on both individual and collective historical
optima, as defined by Eqs. (5) and (6). New parameter com-
binations are then generated, reassigned to the particles, and
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re-evaluated in the COMSOL simulation to obtain the mag-
netic amplification, continuing this iterative process. The ad-
vantage of the mentioned method lies in the population’s abil-
ity to solve the optimization problem by emulating the forag-
ing behavior of bird flocks. This approach leverages informa-
tion sharing and mutual learning among individuals, allowing
them to adjust positions based on personal and collective expe-
riences. Conversely, the traditional control variates method re-
lies on fixed parameter intervals, employing control variables
for traversal calculations. Here, the particle swarm algorithm
optimizes the data sets presented in Table 2.

Comparison of two optimization results
22071

2001
180
1601
140
120}
1001

e PSO stats

S PSO fitting curve
80f e Control-variates stats
Control-variates fitting curve

0 1000 2000 3000 4000 5000 6000
Calculations

Magnetic amplification

Fig. 7. Comparison of two optimization results.

The optimization results depicted in Fig. 7 demonstrate
the superior performance of the PSO method compared to the
traditional approach. The solid points represent the magnetic
amplification achieved after optimization with several calcula-
tions, while the solid line fits the trend of the optimization re-
sults. The blue solid points correspond to the findings summa-
rized in Table 2. As illustrated in the figure, the PSO approach
can achieve a magnetic field magnification of approximately
110 times with only around 150 calculations. In contrast, the
traditional control variates method, which relies on manually
selecting parameter traversal intervals, lacks the ability to re-
liably identify an effective optimization direction. This re-
sults in the magnetic magnification not increasing steadily as
the number of calculations increases, while the computational
complexity continues to rise. Consequently, the traditional
method requires thousands of calculations to reliably reach a
magnetic magnification over 110 times. Notably, the PSO al-
gorithm can obtain a magnetic magnification approximately
twice that of the traditional way, utilizing the same computa-
tional resources. These results clearly indicate that the PSO
approach is a more effective optimization strategy. Further-

[36] has reported a magnetic magnifi-

more, previous research
cation of 18.21 times for a T-shaped concentrator at a spacing
of 0.5 mm. In contrast, the parameter range set in the cur-
rent optimization is relatively narrow, with a minimum spac-

ing of 1 mm, yet the optimal result can still reach around 210.

This suggests that by expanding the parameter range, the size
of the optimized concentrator may increase; this allows for
the concentration of even stronger magnetic fields in the cen-
tral area, potentially leading to further optimization and the
achievement of even larger magnetic amplifications.

3.3. Expanded application

As a competitive room temperature magnetometer plat-
form with excellent spatial resolution, dynamic range and sen-
sitivity, the NV color center magnetometer requires neither
cryogenics nor heating in operation, and the sensor can be
scaled down to the size of the diamond itself.[?*37! In the
meantime, the flux concentrator plays a crucial role in enhanc-
ing the magnetic field within the NV color center magnetome-
ter probe. The size and magnetic field amplification capabil-
ity of the flux concentrator are key factors to consider, as an
overly large flux concentrator can lead to an increase in the
overall size of the magnetometer probe, consequently reducing
its spatial resolution. To address this issue, a comprehensive
evaluation index for the flux concentrator is essential. Opti-
mizing the structure of the concentrator can be achieved using
a PSO algorithm to meet the practical application requirements
effectively. Thus, our study establishes an evaluation criterion,
for example,

1
p:clxv—i—clxM—l—---, (17)

where P is the evaluation index, V is the volume, M is the mag-
netic field amplification, and c1, ¢, are weighted factors (here
set to 0.7 and 0.3). By adjusting the weighted factors, the rel-
ative importance of different influencing factors like volume
and amplification can be fine-tuned, enabling the assessment
of the efficacy of the designed flux concentrator based on a
comparative analysis of these indices.

Unlike conventional approaches that optimize purely for
maximum magnetic amplification, the above multi-objective
evaluation framework considers both magnetic enhancement
performance and spatial constraints. While the mathematical
expression appears simple, this represents the first systematic
approach to integrate volume limitations with amplification
optimization, providing a new paradigm for practical MFC de-
sign in space-constrained applications such as integrated dia-
mond NV magnetometers.

The optimization process, depicted in Fig. 8, takes into
account the impact of volume by constraining the four pa-
rameters within a specific range: Rp € [1,8] mm, Rpoom €
[30,60] mm, H € [20,100] mm, and d € [1,5] mm. Compared
in Table 2, the optimal parameters of the flux concentrator,
considering only the magnetic amplification, are not the same
as those after incorporating the effect of volume. Furthermore,
there is even a significant difference, which indicates that dif-
ferent flux concentrators should be designed for different ap-
plication scenarios. For maximal magnetic field amplification,
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the concentrator characterized by higher magnetic amplifica-
tion in Table 2 is preferable. Conversely, if the concentrator is
intended for use in a compact magnetic field probe, the design
illustrated in Fig. 8 proves more effective.

PSO optimization

y 140+ Best parameters:
el
A Height: 20.0000 mm
5 100 Ruottom: 30.0000 mm
Z ¢ Reop: 1.0000 mm
= ] Gap: 1.0000  mm
g ‘e Volume: 19488.93 mm?
= 603‘ Evaluation index: 173.0383

A

20’f
0 500 1000 1500

Calculations

Fig. 8. Optimization after considering volume.

4. Experimental verification

To verify the above theoretical part, a large three-axis
Helmbholtz coil (FE-3FM600, Hunan Yongyi Technology Co.,
Ltd.), which could provide a magnetic field ranging from
+1.0 mT with uniformity better than 0.3%, was used to gen-
erate a magnetic field uniform region with a side length of
600 mm. An Afluxgate magnetometer (CH-330F, CH-Hall
Magnetic Technology Co., Ltd.), which enabled magnetic
field measurement with a resolution of 0.1 nT and a measure-
ment accuracy of 0.5% of reading +10 nT, was used for mag-
netic field detection. Given that the fluxgate probe is a 20 mm
cube, and the magnetic field amplification by the concentrator
diminishes with increasing gap width,?”) the minimum air
gap in the experiment was set to 21 mm to ensure that the
probe is completely located at the center of the air gap of the
MEC and to avoid the boundary effect between the probe edge
and the inner wall of the concentrator from interfering with
the test results. This ensured the spacing was minimized while
remaining slightly larger than the fluxgate probe. Three sets of

Fig. 9. (a) Helmholtz coil FE-3FM600, and (b) FE-2100FG magnetic
field control software and FE-500 — a high-precision programmable
constant current DC power supply.

optimized parameters were obtained using the same method as
in the modeling and optimization part. Permalloy 1J85 (initial
permeability g ~ 60000) was used as the material to fabri-
cate MFCs with the above three structures for experimental
verification. The support structure used in the experiment was
made of aluminum alloy, so it would not affect the magnetic
field distribution generated by the Helmholtz coil. The exper-
imental setup is shown in Fig. 9.

The experiment commenced with a zero-adjustment con-
trolled by the host computer, followed by a systematic calibra-
tion and measurement protocol. First, without the flux con-
centrator in position, uniform magnetic fields of 0, 0.25, 0.4,
and 0.5 Gauss were sequentially applied in the Z-direction us-
ing the Helmholtz coil system. The CH-330F fluxgate probe
was positioned at the center of the coil to measure the mag-
netic field response along the Z-axis. For each field strength,
the baseline response was calculated as the difference between
field-on and field-off readings to establish reference values and
eliminate spatial geomagnetic interference effects, as depicted
in Fig. 10.

DC
Hold

X: -01763. 1 nT
Y: +01722. 8 nT

Z: -49781.1 nT

2025-07-07 10:22:30 +38.3C

Fig. 10. Measuring the initial external magnetic field: (a) CH-
330F fluxgate magnetometer and aluminum alloy support devices, and
(b) magnetometer readings under a 0.5 Gauss magnetic field.

Fig. 11. MFC magnetic field enhancement measurement: positioning
measurement device for permalloy conical concentrator (d = 21 mm
gap) in magnetic field.

Subsequently, the flux concentrator was positioned at the
measurement location, as shown in Fig. 11, and the same mag-
netic field sequence (0, 0.25, 0.4, 0.5 Gauss) was applied. The
enhanced magnetic field responses were measured at the same
probe location, with readings recorded and field variations cal-
culated.

The actual magnetic amplification was determined as the
ratio of the magnetic field variation with the concentrator to
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that without the concentrator at each field strength, as shown
in Table 3. This systematic approach ensures accurate quan-

tification of the enhancement performance while eliminating
the effects of concentrator remanence and sensor bias.

Table 3. Simulation and experimental results of three groups at the gap of 21 mm.

Simulation Experimental

Height Bottom radius Top radius o o Deviation
amplification amplification
Set 1 110 mm 38 mm 8 mm 6.3 6.2 1.6%
Set 2 131 mm 39 mm 7 mm 7.1 6.8 4.4%
Set 3 140 mm 47 mm 7 mm 7.6 7.3 4.1%

The experimental results demonstrate an amplification
factor of approximately 7 under relatively large spacing con-
ditions, with an negligible discrepancy between the actual and
simulated outcomes. This verifies the feasibility of the struc-
tural optimization approach and reliably predicts the magnetic
field amplification law of the MFC, confirming its validity for
theoretical calculations in small air gap scenarios. The ob-
served differences may be attributed to several factors, as fol-
lows. (1) Variations between the actual material properties
and those used in the simulation. Specifically, the magnetic
permeability of the permalloy is highly sensitive to its com-
position, heat treatment, and residual stress, often resulting in
lower values than those assumed in the simulation. (2) Poten-
tial air gaps, loose assembly, or dimensional deviations dur-
ing the fabrication process, which can increase magnetic re-
sistance and reduce the efficiency of magnetic flux concentra-
tion. (3) Measurement uncertainties arising from the small ap-
plied magnetic field, such as sensor calibration errors, external
magnetic field interference (fluctuating geomagnetism, nearby
electrical equipment), and temperature changes. Solely rely-
ing on the host computer’s closed-loop control for zero adjust-
ment may be insufficient to eliminate these interferences com-
pletely. (4) Factors such as temperature, mechanical stress,
and magnetostriction, which can alter magnetic properties, are
often inadequately considered in simulations.

The influence of manufacturing tolerances on the perfor-
mance of concentrators, which was a topic of constant inter-
est, was investigated through a sensitivity analysis. Consid-
ering the limitations of actual machining accuracy, simulation
studies were conducted on the key geometric parameters of
three concentrator sets (Set 1, Set 2, Set 3) within a 0.5 mm
tolerance range. The effect of the variation of each parame-
ter within the tolerance range on the magnetic amplification
was calculated. For the concentrators in Set 1, the devia-
tions in the magnetic amplification caused by the variations
in height, bottom radius, and top radius were 0.29%, 0.28%,
and 0.52%, respectively. In Set 2, the corresponding devia-
tions were 0.36%, 0.42%, and 0.80%. For Set 3, the deviations
were 0.20%, 0.12%, and 0.71%. (Detailed results are provided
in the Appendix.) The analysis reveals that all three designed
concentrator groups demonstrate good manufacturing robust-
ness. Under the practically attainable machining tolerance of

40.5 mm, the performance variations of all concentrators re-
main within the 5% error margin acceptable for general engi-
neering applications. Notably, the top radius significantly af-
fects the magnetic amplification, aligning with the mechanism
of magnetic flux density concentration at the concentrator’s
apex. Therefore, in manufacturing, priority should be given to
ensuring the precision of the top radius.

5. Conclusions

This paper introduces a novel multi-objective structural
optimization approach for a MFC utilizing the PSO algo-
rithm. Through a comprehensive integration of PSO with a
multi-physics field simulation tool, an effective global opti-
mization of the MFC’s size parameters is realized. The pro-
posed PSO-COMSOL co-simulation framework demonstrates
significant advantages over traditional optimization methods,
achieving approximately twice the magnetic amplification ef-
ficiency. Moreover, the introduced multi-objective evaluation
criterion provides a systematic approach for balancing perfor-
mance and practical constraints in MFC design. The opti-
mized parameter structure is validated experimentally, demon-
strating a strong agreement between the measured amplifica-
tion and simulation results, which fully proves the effective-
ness and practical value of the method.

In summary, this study presents efficient and intelligent
optimization strategies for the design of MFCs, which hold
significant theoretical and practical implications for enhancing
the performance of weak magnetic sensing systems. Factors
such as processing parameters and temperature stability can
be further integrated to promote the optimal design of MFCs
across diverse application scenarios.

Appendix A

The variations in magnetic amplification factors of the
three groups concentrators under the tolerance of +0.5 mm
are shown in the following table.

Tolerance analysis of the height of Set 1

H, H, — 0.5 mm Hy +0.5 mm
H; 6.35 6.32 6.33
H; — 0.5 mm 6.33 6.31 6.32
H; +0.5 mm 6.33 6.35 6.36
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Tolerance analysis of the bottom radius of Set 1

Ryase2 Rpase2 — 0.5 mm Rpase2 +0.5 mm

Roasel 6.35 6.32 6.35
Rpasel —0.5mm 632 6.31 6.34
Roge1 +0.5mm 633 6.34 6.37

Tolerance analysis of the top radius of Set 1

Riop2 Riop2 — 0.5 mm Riop2 +0.5 mm
Riopt 6.35 6.30 6.38
Riop1 —0.5 mm 6.30 6.28 6.32
Riop1 +0.5 mm 6.37 6.33 6.38

Tolerance analysis of the height of Set 2

H, H> — 0.5 mm H; +0.5 mm
H, 7.12 7.10 7.11
H; —0.5 mm 7.09 7.06 7.09
H;+0.5 mm 7.08 7.08 7.12

Tolerance analysis of the bottom radius of Set 2

Rpase2 Rbase2 — 0.5 mm Ryase2 + 0.5 mm

Riasel 7.12 7.08 7.09
Rpasel —0.5mm  7.09 7.05 7.10
Rpaset +0.5mm  7.16 7.09 7.11

Tolerance analysis of the top radius of Set 2

Riop2 Riop2 — 0.5 mm Riop2 +0.5 mm
Riop1 7.12 7.04 7.14
Riop1 — 0.5 mm 7.03 6.97 7.08
Riop1 +0.5 mm 7.14 7.08 7.19

Tolerance analysis of the height of Set 3

H, Hp — 0.5 mm Hy +0.5 mm
H, 7.71 7.72 7.72
H; —0.5 mm 7.68 7.67 7.73
H; +0.5 mm 7.72 7.71 7.73

Tolerance analysis of the bottom radius of Set 3

Ryase2 Rpase2 — 0.5 mm Rpase2 +0.5 mm

Riasel 771 7.69 7.71
Roasel —0.5mm  7.70 7.71 7.71
Roasel +0.5mm 772 7.70 7.74

Tolerance analysis of the top radius of Set 3

Riop2 Riop2 — 0.5 mm Riop2 +0.5 mm
Riop 7.71 7.64 7.76
Ropt —0.5mm  7.65 7.58 7.69
Ripi +0.5mm  7.76 7.71 7.82
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