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We developed a low field MRI magnet system utilizing a hybrid magnetic circuit composed of sintered neodymium
iron boron (Nd–Fe–B) magnet and sintered samarium cobalt (Sm–Co) magnet based on the theoretical simulations. The
static magnetic field of the magnet system with a magnetic pole plate diameter of 58 cm and a distance of 32 cm between
the upper and lower pole plates reaches 0.07 T and exhibits magnetic field inhomogeneity fluctuations of less than 850 ppm
over a temperature variation of ±4 ◦C around the set point of 24 ◦C. While it merely weighs 384 kg. Our findings indicate
that a hybrid magnetic circuit composed of these two types of magnets contributes to both the lightweight design and
temperature stability of the MRI magnet system. Finally, we evaluated the imaging effects of this magnet system.
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1. Introduction

The greatest advantage of magnetic resonance imaging
(MRI) is that it is currently one of the few clinical diagnos-
tic methods that are safe, fast, accurate, and cause no harm to
the human body.[1,2] Although high magnetic field MRI can
achieve high image resolution, which aids in disease diagno-
sis, its high production and maintenance costs result in a lim-
ited number of such devices, making it difficult to meet the
timely diagnosis of disease. Therefore, the research and de-
velopment of low-cost permanent magnet MRI systems has
remained a key focus in the field.[3–12]

Permanent magnet MRI systems offer advantages such as
low cost, including reduced maintenance expenses, low fail-
ure rates, and minimal energy consumption.[3,4] However, tra-
ditional middle-field (greater than 0.3 T) or high-field (greater
than 1 T) permanent magnet MRI devices are relatively bulky
(weighing over 1 ton) and difficult to move. While low-field
(less than 0.3 T) permanent magnet MRI systems can achieve
lightweight designs, their limited image resolution has hin-

dered their practical application. In recent years, advance-
ments in artificial intelligence technology have significantly
improved the imaging quality of low-field permanent magnet
MRI, making it feasible to use low-field MRI for disease diag-
nosis and treatment.

Currently, the static magnetic field in the low-field per-
manent magnet MRI systems under research and develop-
ment is primarily composed of either sintered neodymium iron
boron (Nd–Fe–B) magnets or sintered samarium cobalt (Sm–
Co) magnets as single materials. Although sintered Nd–Fe–B
magnets possess a high remanence (exceeding 1.45 T), which
contributes to the lightweight, they suffer from poor tempera-
ture stability, such as a relatively low Curie temperature (ap-
proximately 312 ◦C) and an undesirable remanence tempera-
ture coefficient (around −0.11%/◦C).[13–16] As a result, when
used in low-field permanent magnet MRI systems, the im-
pact of temperature variations caused by alternating magnetic
fields and environmental conditions on imaging quality must
be carefully considered. In contrast, sintered Sm–Co magnets
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exhibit excellent temperature characteristics, including a high
Curie temperature (approximately 800 ◦C) and a favorable
remanence temperature coefficient (around −0.03%/◦C).[17]

Low-field MRI systems constructed with Sm–Co magnets
generally do not require concern over the effects of ambient
temperature changes on magnetic field stability or imaging
quality. However, their remanence is relatively low (approxi-
mately 1.1 T), which is only about 60% of that of sintered Nd–
Fe–B magnets. Consequently, MRI magnet systems built with
sintered Sm–Co magnets remain bulky, with a typical weight
of around 700 kg. Therefore, the research and development
of lightweight or movable low-field permanent magnet MRI
systems with good temperature stability has become a current
focal point in the field.[18–22]

This work integrates the respective advantages of sintered
Nd–Fe–B magnets and sintered Sm–Co magnets. Based on
theoretical simulation and analysis, we have researched and
developed a low-field lightweight MRI magnet system com-
posed of both sintered Nd–Fe–B and Sm–Co magnets. This
hybrid magnet system combines the benefits of lightweight
design and good temperature stability of the magnetic field.
Finally, we evaluated its imaging effects.

2. Simulation and experiment
The Nd–Fe–B magnets, Sm–Co magnets and yoke were

supplied by Baotou INST Magnetic Material Co., Ltd. (Bao-
tou, China), the Central Iron and Steel Research Institute
(CISRI, China) and Ningbo Chuansanja Electromechanical
Co., Ltd. (China), respectively. The Nd–Fe–B magnets ex-
hibit a remanence of 1.475 T and a temperature coefficient
of −0.11%/◦C, while the Sm–Co magnets have a remanence
of 1.185 T and a temperature coefficient of −0.03%/◦C. The
yoke exhibits a saturation magnetic flux density of 2.1 T.

In order to obtain the MRI magnet systems composed of
both sintered Nd–Fe–B and Sm–Co magnets, magnetic field
simulations of the static magnetic field were performed using
COMSOL Multiphysics. Based on the above simulation, the
magnetic circuit design scheme corresponding to the size and
the magnetic field of the MRI magnet system were obtained,
and the specific shapes and sizes of the two magnets and the
yoke were also obtained. On this basis, the magnet system was
processed and manufactured. The uniformity of its static mag-
netic field with temperature was investigated using a nuclear
magnetic resonance magnetometer. To investigate its imaging
effect, the corresponding gradient coils and RF coils were also
designed and manufactured, and a spectrometer produced by
MR Solution Company was employed.

3. Results and discussion
The research objective of this work is to develop a mag-

net system with a pole disk diameter of 58 cm and a pole disk

spacing of 32 cm. A static field strength of 0.07 T is required,
with inhomogeneity maintained below 1000 ppm across a 20-
cm diameter spherical volume (DSV) centered on the system.
Moreover, the magnet system needs to be as lightweight as
possible and possess good temperature stability. In order to
obtain the above MRI magnet systems, magnetic field sim-
ulations of the static magnetic field were firstly performed
using COMSOL Multiphysics. To simplify the calculations,
the initial simulations only considered the influence of the
magnetic properties of sintered NdFeB magnets and sintered
SmCo magnets on the weight and temperature characteristics
of the magnetic system. The design schemes for a hybrid mag-
netic circuit composed of Nd–Fe–B and Sm–Co magnets were
mainly discussed, and those for magnetic circuits composed of
a single Nd–Fe–B magnet and a single Sm–Co magnet were
also discussed for comparisons.

Figure 1 illustrates the magnet layout used in this simu-
lation. Both the upper and lower pole plates, with a diameter
of 58 cm and separated by a gap of 32 cm, consist of seven
concentric rings. The selection of a seven-ring structure is
based on considerations of practical machining difficulty and
the achievement of high magnetic field uniformity. In the sim-
ulation process, each ring is made of the same material. The
ratios of the number of rings made of Sm–Co to those made of
Nd–Fe–B are 7:0 (S7N0), 6:1 (S6N1), . . . , 1:6 (S1N6), and 0:7
(S0N7), respectively. Additionally, considering that the target
region is primarily located at the center of the MRI magnet
system, the rings made of Sm–Co are placed in the central re-
gion of the magnet system. This arrangement leverages their
excellent temperature stability to mitigate the impact of the
detected object’s temperature on the magnetic field’s strength
and uniformity.

The upper magnetic pole plate

The lower magnetic pole plate

20 cm diameter

spherical volume

Fig. 1. The structural schematic diagram of the upper and lower mag-
netic pole plates in the magnet system without the yoke, along with the
spherical space with the diameter of 20 cm in the central region between
the magnetic pole plates.

We first simulated the total weight of magnets required to
generate a static magnetic field of about 0.07 T in the hybrid
MRI magnet system with the above spatial constraints.

Figure 2 presents the magnet weight required to gener-
ate a magnetic field of approximately 0.07 T using a different
magnetic circuit design. It can be seen that the sintered Sm–
Co magnet requires more weight due to its lower remanence,
whereas the sintered Nd–Fe–B magnet requires less weight
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due to its higher remanence. Specifically, for a magnetic cir-
cuit composed solely of sintered Sm–Co magnets, 224.3 kg of
sintered magnets are required. For hybrid magnetic circuits
composed of both sintered Nd–Fe–B and Sm–Co magnets, the
total weight of sintered Nd–Fe–B and Sm–Co magnets grad-
ually decreases as the proportion of Nd–Fe–B magnets in the
hybrid circuit rises. For a magnetic circuit composed solely of
sintered Nd–Fe–B magnets, merely 167.2 kg of sintered Nd–
Fe–B magnets are required. These results demonstrate that us-
ing hybrid magnetic circuits indeed helps reduce the weight of
the upper and lower pole plates and the whole magnet system
compared with using single Sm–Co magnetic circuit.

68.3 mT
167.2 kg

68.2 mT
168.1 kg

67.6 mT
169.9 kg

66.5 mT
172.0 kg

68.8 mT
184.1 kg

67.9 mT
190.5 kg

67.7 mT
197.9 kg

67.9 mT
224.3 kg

S7N0S6N1S5N2S4N3S3N4S2N5S1N6S0N7
0.30

0.32

0.34

0.36

0.38

0.40

0.42

(m
T

/
k
g
)

Fig. 2. The magnet weight required to generate a magnetic field of ap-
proximately 0.07 T using: a single sintered Nd–Fe–B magnetic circuit,
a single sintered Sm–Co magnetic circuit, and hybrid magnetic circuits
composed of the two materials in varying proportions.

Since the uniformity of the static magnetic field’s re-
sponse to temperature changes is crucial for subsequent imag-
ing, we investigated how the hybrid magnetic field’s unifor-
mity varies with temperature. The specific results are shown
in Fig. 3.

The variation of magnetic field inhomogeneity with tem-
perature was shown in Fig. 3. When the upper and lower mag-
netic pole plates are entirely composed of sintered Nd–Fe–B
magnets, the magnetic field exhibits poorer temperature sta-
bility due to the material’s moderate remanence temperature
coefficient of approximately −0.11%/◦C. For instance, when
a temperature inhomogeneity of 4 ◦C exists within the magnet
system, the magnetic field inhomogeneity at the boundary of
the 20-cm diameter spherical space in the central region in-
creases by approximately 1400 ppm. In contrast, when the
upper and lower magnetic pole plates are entirely composed
of sintered Sm–Co magnets, the magnetic field demonstrates
superior temperature stability owing to the material’s excellent
remanence temperature coefficient of −0.03%/◦C. For exam-
ple, with the same temperature inhomogeneity of 4 ◦C exists

within the magnet system, the variation in boundary magnetic
field inhomogeneity is approximately 480 ppm, which is only
∼ 35% of that observed with the sintered Nd–Fe–B magnets.
When hybrid magnetic circuits composed of both sintered Nd–
Fe–B and Sm–Co magnets are employed for the upper and
lower magnetic pole plates, the fluctuation in boundary mag-
netic field inhomogeneity gradually decreases as the propor-
tion of sintered Sm–Co magnets in the hybrid configuration
increases. This demonstrates that the use of hybrid magnetic
circuits indeed contributes to improving the temperature sta-
bility of the magnetic field compared with single Nd–Fe–B
magnetic circuit.

S7N0
S6N1
S5N2
S4N3
S3N4
S2N5
S1N6
S0N7

0 2 4 6 8 10
DT ↼C↽

0

500

1000

1500

2000

2500

3000

3500

4000

p
p
m

Fig. 3. The variation of magnetic field inhomogeneity at the boundaries
of a 20-cm diameter spherical space in the central region of different
magnetic circuits with temperatures.

According to the above simulation results, it can be in-
ferred that the hybrid magnetic circuit can integrate the respec-
tive advantages of sintered Nd–Fe–B magnets and sintered
Sm–Co magnets, enabling the magnet system to achieve rela-
tively balanced performance in terms of both weight and mag-
netic field temperature stability. For example, with the con-
figuration of the upper and lower magnetic pole plates com-
posed of 5 concentric rings of Sm–Co magnets in the central
region and 2 concentric rings of Nd–Fe–B magnets in the pe-
ripheral region, only a total of 190.5 kg of Nd–Fe–B and Sm–
Co magnets is required to generate a magnetic field of 0.07 T,
while maintaining a boundary magnetic field inhomogeneity
of 800 ppm with a temperature change of ±4 ◦C.

The hybrid magnet system consisting of 5 concentric
rings of Sm–Co magnets and 2 concentric rings of Nd–Fe–B
magnets would be built up. To enhance its cost-effectiveness
and mechanical stability, a rectangular mechanical structure
was adopted, and pure iron was utilized as the yoke connect-
ing the upper and lower magnetic pole plates, as seen in Fig. 4.
This yoke not only enhances the magnetic field strength and
uniformity but also ensures the mechanical stability of the
magnet system except for the low price.
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Fig. 4. The magnetic field simulation results obtained using COMSOL software. (a) The magnetic field inhomogeneity across different regions
from Z0 to Z7 on the surface of the spherical volume. (b) The magnetic field in various regions of the rectangular-frame magnet system with
a hybrid magnetic circuit composed of sintered NdFeB magnets, sintered SmCo magnets and yoke. (c) Diagram of positions Z0, Z1, Z2, . . . ,
Z7, with an angular separation of 12◦ between adjacent positions.

In order to determine the specific dimensions of the mag-
nets and yoke, the further simulation and modeling of the mag-
netic field for this rectangular hybrid magnet system using
Comsol software was executed. During the simulation pro-
cess, a 5-mm gap is maintained between magnets of different
rings, while a 3-mm gap is kept between magnets within the
same ring. This independent or isolated magnet arrangement
helps prevent the generation of large eddy currents within the
magnets during gradient coil operation, thereby avoiding mag-
netic field fluctuations caused by temperature rise in the mag-
nets. By continuously optimizing the magnetic field magni-
tude at the boundary of the 20-cm spherical space between the
pole plates, the specifications and dimensions of the sintered
Nd–Fe–B and Sm–Co magnets corresponding to a boundary
magnetic field inhomogeneity of ∼ 8000 ppm were ultimately
determined, as shown in Fig. 4. The specifications of the two
peripheral rings of sintered Nd–Fe–B magnets in the hybrid
magnetic circuit are shown in Fig. S1 of the supplementary
materials, while the specifications of the five central rings of
sintered Sm–Co magnets are illustrated in Fig. S2 of the sup-
plementary materials. A total of 50 pieces of sintered Nd–Fe–
B magnets in specification A1, 34 pieces in A2, and 66 pieces
in B, as well as 58 pieces of sintered Sm–Co magnets in spec-
ification C, 50 pieces in D, 34 pieces in E, 26 pieces in F, and
10 pieces in G are required.

Figure 5 shows the ultimately constructed low-field MRI
magnet system composed of two rings of sintered Nd–Fe–B
magnets and five rings of sintered Sm–Co magnets. The sys-
tem achieves a magnetic field of 0.07 T. At the set operat-
ing temperature of 24 ◦C, the magnetic field inhomogeneity
over a 20-cm diameter spherical space is 580 ppm. Regarding
temperature performance, when the temperature varies within
±4 ◦C around 24 ◦C, the maximum boundary magnetic field
inhomogeneity reaches only 1413 ppm, corresponding to an
increase of less than 833 ppm. The system utilizes ∼ 41 kg
of sintered Nd–Fe–B magnets and ∼ 33 kg of sintered Sm–
Co magnets. The yoke and other auxiliary components weigh
310 kg, resulting in a total system weight of less than 400 kg.
This shows that the magnet system achieves relatively bal-

anced performance in terms of both weight and magnetic field
temperature stability using hybrid magnetic circuit.

Fig. 5. The assembly structure diagram of a low-field MRI magnet sys-
tem with a hybrid magnetic circuit composed of sintered Nd–Fe–B and
Sm–Co magnets, generating a magnetic field strength of 0.07 T.

Table 1. Variation in magnetic field inhomogeneity with temperature at the
20-cm diameter spherical boundary of the constructed magnet system.

Temperature (◦C) 20 22 24 26 28

Inhomogeneity (ppm) 1413 862 580 761 1139

The core mechanism of this hybrid magnetic circuit de-
sign of low-field MRI magnet system lies in the coordi-
nated optimization of magnetic material properties and spa-
tial arrangement to achieve a balance between magnetic field
strength and temperature stability within the limited space
with a pole disk diameter of 58 cm and a pole disk spacing of
32 cm. Specifically, the magnets are configured in concentric
rings: the inner five rings consist of Sm–Co magnets, which
exhibit excellent temperature stability, owing to their low re-
manence temperature coefficient, though with relatively lower
remanence; the outer two rings are made of Nd–Fe–B mag-
nets, which provide very high remanence but poorer thermal
stability. Because the inner-ring magnets are positioned closer
to the spherical space, they contribute more significantly to the
uniformity and stability of the central magnetic field. Placing
the highly thermal-stable Sm–Co magnets in the inner rings
therefore allows them to directly dominate the temperature sta-
bility of the magnetic field in the target region. Although the
outer Nd–Fe–B rings are located farther away and have a lesser
influence on the magnetic field in the spherical space, their
exceptionally high remanence effectively enhances the mag-
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netic field strength at Z0. Through the distance attenuation ef-
fect, the relative contribution of the outer Nd–Fe–B magnets to
the central magnetic field is reduced, thereby diminishing the
impact of their inherent temperature sensitivity on the overall
temperature stability of the magnetic field within the spherical
space. As a result, a homogeneous low-field magnet system
with good temperature stability is achieved without compro-

mising the objectives of light weight and cost control.
Figure 6 demonstrates the imaging effect of an MRI mag-

net system composed of hybrid magnetic circuits using MRI
solution. From the figure, it can be seen that the imaging
area of the head has good contrast and resolution. This indi-
cates that the scheme of constructing an MRI magnet system
through hybrid magnetic circuits is feasible.

Fig. 6. Effect diagram of MRI solution imaging of MRI magnet system composed of hybrid magnetic circuit.

4. Conclusion
In conclusion, building upon theoretical simulations, we

developed a rectangular-frame low-field MRI magnet system
by hybridizing sintered Nd–Fe–B magnets with high rema-
nence and sintered Sm–Co magnets with high remanence tem-
perature coefficient. This system achieves both lightweight de-
sign and good temperature performance. The total weight of
the magnet system is below 400 kg, while the magnetic field
inhomogeneity at the boundary increases from 580 ppm to a
maximum of only 1413 ppm, a rise of less than 833 ppm, over
a temperature variation of ±4 ◦C around the set point of 24 ◦C.
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