
Received May 28, 2021, accepted June 25, 2021, date of publication June 30, 2021, date of current version July 13, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3093530

A Short and Light, Sparse Dipolar
Halbach Magnet for MRI
AARON R. PURCHASE 1, LOGI VIDARSSON 2, KEITH WACHOWICZ 1,
PIOTR LISZKOWSKI3,4, HONGWEI SUN1, GORDON E. SARTY 5, JONATHAN C. SHARP1,
AND BOGUSLAW TOMANEK 1,6
1Division of Medical Physics, Department of Oncology, University of Alberta, Edmonton, AB T6G 1Z2, Canada
2LT Imaging, Toronto, ON M4J 3B3, Canada
3Faculty of Physics and Applied Computer Science, AGH University of Science and Technology, 30-059 Kraków, Poland
4MRI-Tech Sp. z o.o., 30-209 Kraków, Poland
5Division of Biomedical Engineering, University of Saskatchewan, Saskatoon, SK S7N 5A2, Canada
6Institute of Nuclear Physics, Polish Academy of Sciences, 31-342 Kraków, Poland

Corresponding author: Boguslaw Tomanek (tomanek@ualberta.ca)

This work was supported in part by the Natural Sciences and Engineering Research Council of Canada (NSERC) Discovery under
Grant RGPIN-2020-04414.

ABSTRACT Recently designed dipolar Halbach magnets used in portable MRI systems are much lighter
and more compact than standard permanent or superconductive magnets. However, improved designs
and manufacturing techniques aiming at lower weight and smaller external size are an area of contin-
ual interest especially for application to space flight. Most Halbach magnet design techniques aim to
optimize homogeneity suitable for MRI over a diameter-spherical volume (DSV) that requires the aspect
ratio (length/inner diameter) to be larger than 1.5:1. Furthermore, current magnet construction techniques
often use low-coercivity magnetic pieces and imperfect formers that produce a mismatch in the intended
designs. As a result, Halbach magnets require complex shimming methods to improve the magnetic field
homogeneity, causing further size and weight increase. Here, we propose to reduce the weight and the aspect
ratio of the Halbach magnet by optimizing homogeneity over a cylindrical region of interest (ROI) rather
than a DSV, applying a genetic algorithm, high-coercivity ferromagnets (N40UH) and a robust construction
technique. The assembled 67 mT magnet, with aspect ratio ∼ 1:1, produces almost identical homogeneity
(11152 ppm) as simulations (11451 ppm) within a 12.7 cm diameter, 1 cm long cylinder ROI. The magnet
structure was 3D printed ring-by-ring and assembled coaxially. The magnet can be disassembled for
transportation.

INDEX TERMS MRI, magnets, magnetic field homogeneity, permanent magnet array.

I. INTRODUCTION
Magnetic resonance imaging (MRI) provides the highest soft-
tissue contrast images for an extensive range of diseases such
as cancer, osteoporosis, or neuro-disorders compared to other
diagnostic imagingmodalities. Unfortunately, MRI remains a
generally inaccessible medical technology worldwide due to
many factors such as extensive costs of purchase and mainte-
nance, complexity, weight, size, geographical access limita-
tions and a large physical space requirement [1]–[4]. Magnets
and gradient subsystems are significant contributors to MRI
inaccessibility due to their weight, size and price [4], [5].
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These factors also prevent MRI from being used in space for
the study of the effect of space travel on the human body.

MRI system costs, weight and size are primarily associated
with the magnet [4], [5]. Common clinical superconductive
magnets (>1.0 T) weigh 3-6 tons, have larger than 2 m
outer diameter and are 2 m or more long [5], [6]. Stan-
dard permanent magnets (∼0.2 T) such as the 4-post or
C-shape provide open access for patients but are also heavy
(∼10 tons) [5], [7]. Regardless of the design, the magnet
must also maintain very high magnetic field homogeneity
(∼10 ppm peak-to-peak) over a large diameter-spherical-
volume (DSV) (∼50 cm) [5], [6]. Unlike superconduct-
ing and bi-planar permanent magnets, Halbach magnets are
lightweight (yoke-less), have a low footprint, and are a low-
cost alternative to standard MRI magnets [6], [8]. Yet, so far,
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their MRI applications are limited due to large magnetic
field inhomogeneities [9]–[12]. Analytical solutions of the
magnetic field equations showed that a 4:1 aspect ratio
(length to inner diameter) provides a reasonable homogeneity
(∼1000 ppm before shimming) for MRI but such a long
magnet is heavy and claustrophobic, hence its limited clin-
ical applications [13]. A shorter magnet (aspect ratio ∼2:1)
generates an inhomogeneity of∼10,000 ppm requiring com-
plex design approaches and sophisticated shimming tech-
niques [9], [10], [13], [14]. In Halbach magnets with aspect
ratio<1.5:1, the produced inhomogeneity becomes too large
(>100,000 ppm) for imaging [13], [15]. Additionally, more
than 20 magnetized blocks around the cylinder must be
used to rectify the impact of the segmented magnetization
on homogeneity [12], [13]. Several research groups have
proposed new approaches to improve the homogeneity of a
short and segmented Halbach magnet, by optimizing block
size and shape [16]–[18], diameters of rings [9], [10], ellipti-
cal arrangement of blocks [19], spacing between rings [20],
magnetization directions of blocks [19], [21], or material
remanence and coercivity [22]–[25]. Analytical approaches
and finite element simulations have not considered variations
in magnetic properties of the blocks (magnetization strength
and direction), their sizes and inaccuracies in positions of the
blocks in the magnet housing or instability of the field due
to temperature fluctuations [9]–[11], [22]–[24]. As a result,
constructed magnets have even higher inhomogeneity than
expected from design simulations.

So far, homogeneity of superconducting and bi-planar per-
manent MRI magnets have been optimized within a DSV [6].
This allows MRI over a large region of interest (ROI)
using gradients of the magnetic field with selective radiofre-
quency (RF) pulses [26], [27]. Unfortunately, optimization
of homogeneity over the spherical volume when used in the
design of portable Halbach magnets prevents the construc-
tion of magnets with low aspect ratio (<1.5:1) suitable for
MRI. To deal with the inhomogeneities, RF pulses with a
specific bandwidth (BW) can be applied allowing excita-
tion of the region with inhomogeneities corresponding to
the BW. For example, Perlo et al. (2004) achieved a set
of 1 mm thick 2DMR images using a highly-inhomogeneous
single-sided permanent magnet by exploiting the magnet’s
sensitive volumes [28]. We therefore expect a cylindrical ROI
can be considered for imaging rather than the entire DSV. The
thin cylindrical region would define a single selected natu-
ral slice [29] for a two-dimensional Transmit Array Spatial
Encoding (TRASE) imaging scheme [30], [31].

Recent advancements in low field (LF) MRI hardware and
imaging techniques, providing good soft tissue contrast but
with low signal-to-noise (SNR), proves that further reduction
of associated costs, weight, size and complexity of the MRI
system is indeed possible [9], [10], [22]–[24]. For example,
O’Reilly et al. (2021) constructed a portable (∼105 kg),
low-field (∼50 mT) MRI system based on a new Halbach
magnet optimization technique as well as hardware and soft-
ware improvements intended for imaging of hydrocephalus

in children with a material price below $20k [9], [10]. The
group used finite element simulation and a genetic algo-
rithm (GA) to optimize diameters of 23 rings in a sparse
Halbach array for maximum field homogeneity (400 ppm)
over a 20 cm DSV [9], [10]. However, after construction, due
to the warping of water-cut Plexiglas formers, the measured
field homogeneity was only 13,000 ppm within the DSV [9].
A shimming system requiring a large number of small per-
manent magnets was used to improve the B0 homogeneity
resulting in ∼2500 ppm over the DSV [9], [10]. 3D MR
images of the knee and brain were obtained at 2 mm isotropic
resolution in less than 12 minutes using this system [10].
Furthermore, Cooley et al. (2018) constructed a portable,
low-field (∼80 mT) adult brain MRI scanner based on the
novel rotational spatial encoding method (rSEM) [22], [23].
The group used the frequency swept 3D rapid acquisition
and relaxation enhancement (RARE) pulse sequence with the
inhomogeneous B0 field to avoid a conventional MRI readout
gradient and associated hardware [24]. The magnetic field
was optimized to a 20 cm DSV, resulting in a magnet weight
of 122 kg, 52 cm outer diameter, 35 cm inner diameter and
40 cm long [24]. The group reported variations inNdFeB size,
magnetic properties and former imperfections, causing differ-
ences between the constructed and simulatedHalbachmagnet
field over the DSV [22]–[24]. Regardless of non-linearity in
the built-in B0 gradient field, 3D MR in-vivo images of an
adult brain were obtained in 16 minutes [12].

Both above-mentioned portable MRI systems show sig-
nificant advancements in MR image quality in compact LF
MRI systems, such as substantial reduction of field distor-
tions through model-based reconstruction rather than con-
ventional Fourier-based techniques [24], [32]. Unlike these
methods, the recently introduced encoding method called
TRASE uses the phase gradients of the RF field to spatial
encode signal rather than applying a switching B0 gradi-
ent or a built-in rotational spatial encoding field [30], [31].
Therefore, TRASE removes the need for the entire B0 gra-
dient system and, additionally, relaxes the main magnet
homogeneity requirement, potentially increasing the com-
pact and portable nature of current low-cost LF MRI sys-
tems. Recent developments of TRASE hardware enabled
sub-millimeter 1D resolution (0.33 mm/pixel) in ∼8.5 min-
utes using a conventional 0.2 T bi-planar permanent magnet
with a twisted-solenoid RF coil set [33], [34], a custom-made
multi-channel RF amplifier [35], improved image reconstruc-
tion techniques [36]–[38] and a custom MRI console [39].
As seen above, the development of MRI technology enables
newmagnet designs. Hence, to further reduce size and weight
of the magnet, we propose a new design and construction
method that minimizes large inhomogeneities produced by
the short length and material imperfections.

II. METHODS
In this work, we present the design of a low aspect ratio,
sparse Halbach magnet for imaging of human extremities.
A minimum imaging cross-section of 12.7 cm diameter
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was set to accommodate 84% of human ankles [40] in
order to meet the requirements of an ankle-size MRI
for use on the International Space Station (ISS) as
specified by the Canadian Space Agency [41]. The target
field strength and homogeneity was selected based on other
research that achieved high quality MR images within a
Halbach magnet [10], [24]. The size, weight and cost of the
magnet were arbitrarily set for this work.

A. THE AIMS OF THE MAGNET DESIGN
1) Magnetic flux density between 50 and 70 mT.
2) Region of interest (ROI) no less than 12.7 cm diameter

and 1 cm long cylinder.
3) Homogeneity over ROI better than 12,000 ppm.
4) Magnet inner bore diameter no less than 20 cm.
5) A total magnet weight less than 30 kg.
6) An overall magnet size less than 45 cm × 45 cm ×

45 cm.
7) Less than $3000 material costs.

B. MAGNET DESIGN
We used 320 permanent magnet blocks of size 2.54 cm ×
2.54 cm × 1.27 cm magnetized along their short axis for the
simulations. The blocks were arranged in pairs with a 3 mm
spacing, with the blocks magnetization in the same direction,
allowing secure mounting (due to their self-attraction) to 3D
printed formers [29], [42]. The initial geometry for opti-
mization comprised of 16 block pairs per ring with centers
distributed on eight 32 cm diameter rings (Figure 1). Two of
the eight rings were nested, consisting of 32 block pairs each,
to minimize the impact of field perturbation produced by the
finite length of the magnet (see Figure 1B) [12], [13], [15].
The block pairs were evenly spaced by 1θ = 22.50 (1θ =
θi+1 − θi where i = 1..16 is the block number; θ is the
angle of deviation from the x-axis) to allow enough space for
the block pairs radial movement throughout the optimization
process (Figure 2). Each block pair magnetization was rotated
by ϕi = 2700 + 2θi to generate a dipolar internal magnetic
flux density (black arrow in Figure 1A) [43].

Although non-negligible fabrication inconsistency in the
size, shape and magnetization of the blocks have been
noted by other researchers [9]–[11], [22]–[24], magnetic
pieces with minimal fabrication variability are available.
There are manufacturers that provide high quality magnetic
blocks with very low variances in magnetization strength
and direction (<1% and <3◦, respectively) as well as
very small size variation (<0.1 mm) [44]. For the mag-
net construction, we used sintered neodymium magnetic
pieces type N40UH (N = NdFeB; maximum energy prod-
uct = 40 MGOe, and maximum material operating temper-
ature (UH) = 180◦C) with high coercivity (≥899 kA/m),
high remanent fields (12.2 – 12.5 KGs) and low costs
(∼$4USD/block) [44]. Permanent magnet arrays for MRI
commonly use the strongest ferromagnets (N52 grade) since
they produce the highest magnetic field strength. Unfortu-
nately, the lower coercivity (≥796 kA/m) of the N52 material

FIGURE 1. The initial geometry of the sparse Halbach magnet. (A) An
axial view of one ring showing sixteen block pairs (green) centred on a
32 cm diameter circle (dashed grey). The blue arrows represent the block
pair magnetization direction that generates a vertical magnetic field
(black arrow). A genetic algorithm was used to find the optimal radial
positions of the block pairs (orange arrows). A simulated B0 map in a
central plane shows the low-order field variation in a 12.7 cm diameter
area (red dashed circle). (B) A sagittal view of the magnet showing eight
coaxial rings 3 mm apart.

contributes to larger (de)magnetization fields caused by an
external field [44], [45]. The strong fields produced by blocks
in a permanent magnet array effect the magnetization of
neighboring blocks and ultimately increase inhomogeneity.
Therefore, despite the higher cost and lower remanent field
of the N40UH material, we chose to use it because the higher
coercivity allows production of a more homogeneous field.

C. MAGNET OPTIMIZATION PROCEDURE
Achieving high homogeneity in a low aspect ratio (less than
1.5:1) Halbach magnet is difficult. The magnet length trun-
cation affects the field homogeneity in an axial plane (see
simulated B0 in Figure 1A). Since the finite length of themag-
net is the primary cause for inhomogeneities, we optimized
the radial positions of the block pairs in the entire magnet
(Figure 1A) [46]. Therefore, as the initial configuration for
optimization, we used eight symmetrical rings placed along
the z-axis (Figure 1B). Simulations used a B(H) curve pro-
vided by a manufacturer for N40UH and optimization of the
block pair positions made homogeneity calculations based
directly on the simulated field data. A genetic algorithm (GA)
was applied to sixteen variables (positions of 4 block pairs
per ring × 4 rings) to minimize the difference between the
maximum and minimum field within a 12.7 cm diameter
and 1 cm thick ROI (Figure 2). The remaining block pairs
are symmetrically distributed and optimized; hence no need
for simulations. The radial position of each block pair was
varied within−2 cm to+4 cm of a 32 cm diameter circle for
each ring independently (orange arrows in Figure 1A). In the
nested rings, comprising an inner ring distributed at 23.8 cm
and outer ring at 40.2 cm, the block pairs sharing a common
radial axis were moved simultaneously (Figure 1B). The GA
(Global Optimization Toolbox, Matlab, MathWorks, USA)
was programmed to generate 100 magnet configurations per
generation and 350 generations in total. Regardless of the
blocks optimal positions, the magnet geometry maintains an
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FIGURE 2. The field simulation and optimization data flow. The initial
geometry (red) is input into a genetic algorithm that generates
100 random magnet configurations based on the user constraints.
A controller of the data flow between the genetic algorithm and finite
element magnetostatics (FEM) simulation software was written in
Matlab. After a single geometry is simulated, the controller also computes
the B0 homogeneity based directly on the simulated field data and
selects configurations based on the most homogeneous fields.

FIGURE 3. Design and construction workflow for ring formers. (A) The
computer-aided design modelling of formers for the magnetic blocks. The
optimized magnet geometry is cut from the model formers creating
pockets in the rings. (B) The entire geometry consists of eight coaxial
rings separated by 3 mm in a custom stand. (C) Each ring is 3D printed.

internal diameter of 20 cm, providing sufficient space for RF
coils and the imaged object yet constraining the external size
to less than 45 cm × 45 cm × 45 cm.

D. MAGNET CONSTRUCTION
Once the optimal positions of the block pairs were deter-
mined, the models of each ring were exported directly from
Opera3D Modeler (Opera3D, Cobham, UK) to a computer
aided design (CAD) software (Autodesk Fusion 360, Califor-
nia, USA). The CAD software was used to generate eight ring
formers with specific pockets for the block pairs (Figure 3A).
The block sizes were enlarged in the models by 0.18 mm
in all directions to compensate for the manufacturing errors
of formers and to allow tight fitting. The block models were
then subtracted from the ring models to produce cavities for
the block pairs. Finally, the former models were converted
to a geometry code (i.e. the .gcode file) using slicer software
(Cura, Ultimaker, Netherlands) to prepare for 3D printing.

We used polylactic acid (PLA) for 3D printing of the
ring formers (Figure 3C and Figure 4a-d) [29], [42]. In the
slicer software, we adjusted the settings for the most robust
yet lightweight ring formers (octet infill pattern, infill =
20%, wall thickness = 2 mm) [47]. (The profile settings

FIGURE 4. Construction and assembly of the Halbach magnet. Photos of
the four (out of 8 total) designed (a-d) and manufactured (e-h) formers.
The other four rings (not shown) are identical. The 3D printed formers
with N40UH blocks fitted into former pockets are shown. Eight cylindrical
(6.35 mm diameter) cuts in the CAD models allow throughput for brass
rods, and the pegs/holes in formers minimize ring shifting when
compressed. (i-j) Flange brass nuts are tightened, compressing the rings
(blue arrows) into their optimized geometry.

used in this work are available upon request.) The block
formers were then printed, one at a time, using a 3D printer
(Anycubic Chiron, Shenzhen, China) and eight spools of
PLA (1.75 ± 0.05 mm, 1 kg spool, Overture3D, USA) in
various colors (Figure 4e-h). The total 3D printing time for
all the formers was ∼652 hours. Using these profile settings,
the weight of each 3D printed ring was ∼0.4 kg and each
nested ring ∼0.8 kg. After each print, the ring thickness,
block pair pocket spacing, and size were measured with a
caliper (Digital Caliper, Tacklife, USA) to ensure less than
0.2 mm deviations from the original CAD models. Any
remaining imperfections in the formers were sanded using a
multi-function rotary tool (Tacklife Rotary Toolkit, Tacklife,
USA). In addition, 3D printed plugs, using PLA, were fitted
into the remaining space of the former pockets to minimize
shifts during assembly and transportation.

The magnetization direction of each block was measured
using a 3-axis Hall probe (THM1176, MetroLab, Switzer-
land) and marked before fitting blocks into the formers
(Figure 4e-h). Beginning with the back-end ring
(Figure 4a,e), eight 6.35 mm diameter threaded brass rods
were fed through each ring, one at a time, allowing verti-
cal suspension of the rings due to magnetic repulsion. The
rings were then compressed (blue arrows in Figure 4j) and
tightened with brass nuts in a symmetric fashion analogous
to tuning a drum. Compression was considered sufficient
when a piece of paper did not slide through the ring gaps.
The weakly diamagnetic brass rods and nuts had a negligible
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impact on the field and withstands the repulsive forces
between rings [22]–[24]. The magnet construction allows
disassembling the structure for transportation and shipping.

E. 3D FIELD MEASUREMENTS
The magnetic field produced by the assembled magnet was
mapped using a 3-axis Hall probe and computer numerical
control (CNC) (Figure 5) [48], [49]. A holder using 3D
positioning of the probe was made using commercially avail-
able 3D printer hardware railing and a modified 3-axis CNC
gantry (Shapeoko 2, Carbide 3D, USA). The CNC gantry
(Figure 5b) was precisely positioned by a programmable
Arduino-gShield (Synthetos, Adafruit, USA). The motors
were supplied by a 24 VDC power supply (LS150-24,
TDK-Lambda Americas Inc., Japan). Although the step-
per motor accuracy was considered sufficient (∼1 mm),
improved calibrations such as micro-stepping could further
increase positioning accuracy [49]. The Hall probe was
attached to the gantry head through a 9.5 mm aluminum tube.
The automation was achieved by combining and modify-
ing open-source Application Program Interfaces (APIs) that
were built specifically for the THM1176 Hall probe [50] and
GRBL-based CNC controllers [51]. The cardinal axis of the
Hall probe was aligned with the field direction to maximize
measurement accuracy (0.3 G). Additionally, the Hall probe
was triggered to obtain 30,000 averages per measured point
(6800 samples per second), increasing measurement preci-
sion to 0.02 G. The field measurements and positioning of
the probe were automated using an in-house Python code
(available at [52]) to map |B0| at 3 mm × 3 mm × 1 mm
steps over a 13.5 cm × 13.5 cm × 1 cm region centered
at the magnet geometric isocenter. A total of 22,275 points
were collected to create the 3Dmap requiring about 30 hours.
Other research groups have demonstrated more efficient and
very accurate (sub-millimeter) mapping systems with higher
current external drivers [49].

From the simulated and measured B0 maps, peak-to-peak
homogeneity (η) was then calculated according to the
formula:

η =
1B
Bc
× 106 [ppm]

where 1B [mT] is the difference between maximum B0
[mT] and minimum B0 [mT] in the ROI, and Bc [mT] is
the magnetic flux density at the geometric isocenter of the
magnet.

III. RESULTS
A. FINAL SIMULATED MAGNETIC FIELD
A significant improvement in the simulated homogeneity
(11451 ppm) was achieved from the initial configuration
(93473 ppm) within the ROI by optimizing the positions
of the block pairs in the Halbach magnet using GA. The
simulated field strength varies from 66.73 mT to 67.49 mT
over the ROI in the optimized design (Figure 6i, ii). The
optimized positions of the block pairs in each ring relative to

FIGURE 5. The 3D field mapping data flow and apparatus. (a) An
in-house Python code was used to stream positional coordinates (g-code)
to an Arduino-gShield microcontroller by universal serial bus (USB 1). The
g-code is interpreted by the microcontroller and translated into linear
motion of the Hall probe in all three dimensions. (b) After a discrete
movement, the Hall-probe is triggered to obtain 30,000 magnetic field
measurements (B0). The average magnetic field value is sent back to a
computer by a second universal serial bus (USB-2).

the initial 32 cm diameter circle are listed in Figure 6iii and
illustrated in Figures 6iv-vii. A positive value means that the
block pair center is shifted outward from the circle; a negative
value means inward shift (i.e. closer to the magnets center
axis). The magnet is symmetrical about the z-axis; therefore,
blocks in−zmirror those in the+z. In addition, the block pair
positions are shown for quadrant I (QI) only since movements
in QII, QIII and QIV are symmetric.

B. THREE-DIMENSIONAL MAGNETIC FLUX MAPPING
The longitudinal axis (z) of the constructed magnet was
oriented vertically for B0 mapping (Figure 7A-C). To show
minute differences between simulated and measured fields,
the simulated (Figure 7D) and measured (Figure 7E) B0 maps
were subtracted for eleven planes (z = −0.5, −0.4, −0.3,
−0.2,−0.1, 0,+0.1,+0.2,+0.3,+0.4,+0.5 cm). Errormaps
for three axial planes (out of eleven total) over the ROI are
shown in Figure 7F. The error maps reveal that the measured
field is lower by 0.21 mT than the simulated field strength
within the cylindrical ROI. This deviation is more apparent by
comparing projections of the simulated and measured fields
along the cardinal axes of the Halbachmagnet (Figure 8). The
measured field drops 0.21 mT at x = 6 cm (Figure 8a) and
0.17 mT at y = 4.5 cm (Figure 8b).
The simulated and measured B0 data were then com-

pared to find maximum peak-to-peak field variation (1B0 =

Bmax − Bmin) within the cylindrical ROI. As seen from
Table 1, the measured B0 homogeneity corresponds to the
simulated homogeneity (11451 ppm) within the limited accu-
racy and precision of the 3D field mapping apparatus.

C. A SUMMARY OF MAGNET SPECIFICATIONS AND COSTS
The simulated and constructed magnet specifications are
summarized in Table 1. The final constructed Halbach array
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FIGURE 6. The final geometry of the sparse Halbach magnet. The block pairs positions were varied in each ring separately for maximum homogeneity
in a 12.7 cm diameter, 1 cm long inner cylindrical ROI using the genetic algorithm optimization. (i) An axial view of the optimized magnet showing
block pair positions in all eight rings. (ii) A sagittal view of the optimized magnet. (iii) The optimum positions of each block-pair from the initial 32 cm
diameter circle. Shifts of the block pair positions are shown only for blocks in the first quadrant (QI) since block shifts in quadrants QII, QIII, and QIV
are symmetric. (iv-vii) A visualization of the final block pairs positions for each ring leading to the optimized magnetic field (homogeneity
of 11451 ppm) within the cylindrical ROI.

TABLE 1. Comparison of the simulated and measured field strength and
homogeneity in the cylindrical region of interest (ROI).

has a field strength ∼66.7 mT and a measured peak-to-peak
homogeneity of 11152 ppm, while simulated homogeneity is
11451 ppm. The constructed magnet has an aspect ratio∼1:1,
overall outer dimensions ∼43 cm × 43 cm × 25 cm, and
weight 25 kg (total blocks weight ∼19 kg, formers ∼4 kg,
brass rods + nuts ∼2 kg). The material cost is ∼ $2,000
(320 magnets = $1,550, 8 spools of PLA = $240, eight
6.35 mm diameter threaded brass rods= $112, sixteen flange
brass nuts = $16).

IV. DISCUSSION
We report a 66.7 mT sparse dipolar Halbach magnet with an
aspect ratio of ∼1:1. The new design significantly reduces
the weight and size of the sparse Halbach magnet by trun-
cating the magnet length and limiting the imaging volume.

The magnet design and its accurate realization removes
the technology risk identified by the Canadian Space
Agency for MRI magnet designs suitable for use on the
ISS [41], [53]–[55]. The 12.7 cm diameter× 1 cm thick ROI
disk would allow TRASE imaging of a single slice through an
astronaut’s leg as specified by the Canadian Space Agency.
Although reducing the sensitive volume is not desired, a
multi slice technique could be applied by moving the object
or the light magnet. The magnet parameters were achieved
using permanent magnet blocks type N40UH, with small
size variability, and minimal differences in the magnetization
direction and strength. The small (de)magnetization offered
by N40UHmaterial ensures minimal variations of the magne-
tization within the magnetic blocks, and ultimately, decreases
the discrepancy between the simulated and measured homo-
geneity. Additionally, we used an accurate B(H) curve of the
N40UH material in simulations and used a GA optimization
of the block pair positions to achieve maximum field homo-
geneity.

To ensure magnet durability, lightweight and mechani-
cal strength, the block formers were 3D printed. As visible
in Figure 8, there is a small discrepancy (up to 0.21 mT)
between the simulated and measured values of the magnetic
field. We stipulate that these field deviations are mostly due
to the variations in block size, magnetization strength and
direction, and the rounded edges of magnets which are not
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FIGURE 7. The field mapping arrangement and mapping results in the ROI. (a) An axial view of the
constructed optimized magnet showing cross-section of the measured region. (b) A sagittal view of the
assembled magnet and the measurement volume. (c) The B0 mapping system automates the magnetic flux
density measurements. (d) Simulated (e) Measured and (f) Error maps for the three axial planes over the
measured region.

FIGURE 8. The measured and simulated field deviations along the (a) x-axis, (b) y-axis, and (c) z-axis of the Halbach magnet. The measured field
deviations from the simulated fields are visible at x = 6 cm and y = 4.5 cm.

modelled in simulations. Asymmetries in x and y directions,
visible in Figure 8, are likely caused by the differences of
the magnetic fields (strength and direction) in the proxim-
ity of the blocks due to imperfections in their production.
In addition, inaccuracy (∼0.3 mT) may further influence

the field measurements when the magnetic field direction
deviates from a cardinal axis of the probe occurring close
to the bore surface. Further increase in the measurement
accuracy near the inner bore could be achieved by automat-
ing rotation of the Hall probe to align with the magnetic
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field. Other factors, such as minute differences in tensions
between the brass rods and nuts around the circumference
of the magnet, temperature instability of ferromagnets and
imperfections of the ring formers can also contribute to mag-
netic field inhomogeneity. Furthermore, the alignment of the
B0 mapping apparatus to the magnet and residual stepper
motor imperfections also contribute to systematic errors. For-
tunately, the minute decrease of the measured field in these
regions has a negligible impact on the actual magnetic field
homogeneity despite the typical challenges that disturb field
homogeneity in constructed permanent magnet arrays. The
presented design could be modified to meet the requirements
of specific imaging techniques, such as rotational spatial
encoding method (rSEM) or MRI with linear field gradients.

Some MRI applications require higher homogeneity than
the constructed Halbach magnet. Fortunately, a five-fold
improvement in homogeneity was realized in other sparse
Halbach designs by using an array of small-sized permanent
magnets [9], [10]. These techniques may be adapted further
to improve the field homogeneity of the constructed magnet
without losing bore space. In addition, since the magnet
rings were compressed, adjustment of rod tensions may also
improve magnetic field homogeneity.

V. CONCLUSION
In this work, we simulated the field of a sparse Halbach array
and optimized the positions of the blocks in the entire design
to reduce dominant magnetic field inhomogeneities caused
by the short length of the magnet. Magnetostatics simulation
software using finite element analysis and a genetic algo-
rithm optimization in Matlab made homogeneity calculations
based directly on the simulated field data. The low mag-
netic variability between the ferromagnets (N40UH) and the
high precision 3D printing of formers allowed to construct
a Halbach magnet with parameters matching simulated val-
ues. By limiting the imaging volume to a cylindrical region,
the length and weight of the magnet was reduced, relative to
other approaches. The magnet meets Canadian Space Agency
specifications for an ankle MRI for the ISS and the design is
suitable for many other low-field portable MRI applications.
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