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ABSTRACT 

This paper reports on a study of a novel magnetic lead screw (MLS) with a quasi-Halbach array and a rotor made of a soft 
magnetic composite (SMC). The proposed topology has an array formed from a helix of discretized pieces of permanent magnets 
(PMs) axially and radially magnetized in its slider. The rotor is formed from stacked discs of a soft magnetic composite and 
is experimentally tested. These are arranged to form the lead screw. Using finite element analysis (FEA) and static magnetic 
simulations, prototypes were assessed. The results show a good agreement in favour of the quasi-Halbach MLS with an SMC rotor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Rotary-to-linear motion conversion is a fundamental requirement
in a wide variety of engineering systems, ranging from precision
industrial automation to high-force applications such as vehicle
suspension actuators, wave energy converters, and aerospace
mechanisms [ 1, 2 ]. Mechanical lead screws have long been
the standard solution for these functions due to their ability
to provide large forces, compact geometry, and mechanical
simplicity. However, the reliance on direct mechanical contact
between mating components introduces inherent limitations:
friction, wear, lubrication requirements, noise, and reduced
reliability under high-cycle operation. These constraints become
increasingly problematic in modern applications demanding high
efficiency, fast dynamics, and minimal maintenance. 

To address these limitations, magnetically coupled transmission
mechanisms have received growing attention. Among them,
the MLS is an attractive alternative because it enables non-
contact force transmission between the rotating and translating
components [ 3, 4 ]. By replacing mechanical engagement with
magnetic coupling, MLS devices eliminate friction between the
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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slider and rotor threads, improving lifetime and reducing mainte-
nance. Additionally, the magnetic coupling provides an intrinsic
overload protection mechanism, as forces saturate instead of 
causing mechanical failure, making MLS devices suitable for 
safety-critical or high-shock operating environments. Several 
studies have investigated how magnet geometries, magnetisation 
patterns, and magnetic circuit materials affect the performance 
of MLS devices [ 5, 6 ]. More advanced solutions introduced
Halbach arrays, which enhance air-gap flux density by redirecting
magnetic flux towards the active region [ 7 ]. However, a full
Halbach array implementation in a helical form is notably diffi-
cult to manufacture due to magnetisation constraints, complex 
geometry, and assembly challenges. As a result, research has
shifted towards configurations, where discrete PMs are used [ 8,
9 ]. These configurations offer improved controllability of the
magnetic field while remaining feasible to fabricate. 

In parallel with magnetisation optimisation, material selection 
for the MLS rotor plays a critical role in determining flux density,
pull-out force, and magnetic losses. Conventional rotors made 
from solid steels such as AISI 1020 exhibit high permeability but
suffer from significant eddy-current losses, particularly at higher 
its use, distribution and reproduction in any medium, provided the original work is properly 
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FIGURE 1 3D model view of the MLSs: (a) quasi-Halbach array; 
and (b) axial array. 

TABLE 1 Magnetic properties for materials used. 

Magnetic quantities SPM AISI 1020 steel 

B 1.46 T 1.83 T 
μr 430 568 
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speeds. Recent advances in SMCs have opened the possibility
of using materials with 3D isotropic magnetic properties and
substantially reduced eddy-current losses due to their electrically
insulating granulated structure [ 10 ]. Their lower permeability can
reduce force capability, but their manufacturability and magnetic
loss benefits may outweigh this drawback in many applications. 

This context highlights the need for MLS designs that com-
bine feasible Halbach-like magnetisation patterns with material
solutions that balance flux capability and magnetic losses. Yet,
studies analysing the performance impact of quasi-Halbach
arrays together with SMC-based rotors remain limited. Most
prior work either focuses solely on magnetisation geometry
or evaluates MLS structures with conventional steel rotors. A
comprehensive comparison that includes prototype validation
was not found in the literature. 

This paper presents a novel MLS topology employing a helically
arranged quasi-Halbach array on the slider to enhance air-gap
flux density without relying on impractical ideal Halbach mag-
netisation patterns. Second, it evaluates the use of a SMC rotor,
enabling better manufacturability and the potential for lower
magnetic losses relative to solid steel. Third, the study provides
a combined finite element and experimental assessment compar-
ing SMC and steel rotors, offering a complete design-to-prototype
validation. The results show significant gains in pull-out force and
specific force per magnetic material volume, demonstrating the
practical advantage of the proposed arrangement. 

2 Topology and Analysis 

The proposed topology relies on the concept of a quasi-Halbach
array applied to the MLS. It is implemented with four mag-
netisation orientations, i.e., two radial and two axial directions.
The presence of the radial components distinguishes it from the
purely axial array, which contains only two axially oriented sets
of PMs [ 4, 11 ]. The performance of the MLS with two different
materials for the rotors is also investigated. 

2.1 Topology of the MLS 

To evaluate the proposed magnetic topology, the study compares
an MLS with axially oriented NdFeB-type PMs to its quasi-
Halbach array counterpart. Both devices are modelled with the
same dimensions, gear ratio G , and grade of the hard mag-
netic materials. The quasi-Halbach configuration uses discretized
NdFeB-type pieces to form the array, as shown in Figure 1(a) . The
axially oriented array configuration has a slider with a PM array
using steel pieces between adjacent PMs with different polarities,
as shown in Figure 1(b) . This is considered only theoretically and
for the purpose of comparison. 

The design of the MLS was aided by the use of the ANSYS
magneto static optimetrics tools. 

2.2 Magnetic Materials 

A rotor made of SMC, called Somaloy Prototyping Material (SPM)
and provided by Höganäs AB [ 12 ], in the form of radial discs,
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is investigated. By doing this, construction issues related to the
helical shape were addressed since the SPMs are supplied in a disc
format, which is axially small. 

The SMC has lower magnetic permeability than AISI 1020 steel.
This can result in a lower air-gap flux density and, consequently,
a reduced pull-out force. However, it can reduce eddy current
losses in the rotor when compared to a solid steel one. Conversely,
the latter can produce a larger pull-out force under the same
dimensions of the magnetic circuit in both cases. 

The magnetic saturation must be considered when seeking to
maximize the axial force per volume since it affects the air-gap
flux density. To deal with this and based on a set of numerical
analyses, the rotor was designed with a trapezoidal thread screw.
Table 1 shows the magnetic properties of the SPM and AISI
1020 steel as used in this work. The magnetic flux density, B ,
corresponds to a magnetic field intensity H = 10 kA/m based on
[ 13, 14 ]. 

N50 grade PMs were selected and characterised by the authors
at a temperature of 25◦C. The main PM parameters to consider
in this case are the remanent magnetic flux density Br = 1.38 T,
the coercivity Hc = 1037 kA/m, and the maximum energy product
IET Science, Measurement & Technology, 2026

om
m

ons L
icense



FIGURE 2 Axial cut view of the MLS with dimensional parameters. 

TABLE 2 Dimensional parameters for the prototypes. 

Symbol Parameter Value 

wt Thread width 9 mm 

ws Slot width 18 mm 

τp Pole pitch 27 mm 

λ Lead 54 mm 

G Air-gap height 1 mm 

hm Magnet height 10 mm 

P Poles 2 
Ri Rotor internal radius 14 mm 

Rr Rotor external radius 24 mm 

Rt Slider external radius 35 mm 
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BHmax = 404 kJ/m3 . For the study of an MLS, the mechanical and
magnetic features are dependent on the physical characteristics
and dimensions of the model. The dimensional variables of the
MLS are given in Figure 2 and tabulated in Table 2 . 

Once the slider comprehends the set of PMs, the key design
variables are the height of the magnets and the axial length of
the radial and axial magnets, which are compatible with the axial
length of the slot and thread in the rotor, respectively. 

For the rotor, the main dimensional design variables are the pole
pitch and the rotor radius, which define the inclination of the
screw thread. The pole pitch is defined as the sum of the axial
lengths of the thread and the slot. With the definition of the pole
pitch, the gear ratio G is 

𝐺 = 𝜔 

𝑣 
= 𝐹 

𝑇 
= 2 𝜋∕ ( ( 𝑤𝑡 + 𝑤𝑠 ) 𝑃 ) (1)

where ω represents the angular speed [rad/s] of the rotor, v is the
corresponding linear speed [m/s] of the slider, F is the axial force,
and T is the consequent torque. Applied to the configuration
under study, it gives G = 116.4 rad/m. 

Difficulties arise when trying to create an ideal spiral with the
PMs for the slider, such as complications with the magnetisation,
the assembly, and even the machining process. A practical
IET Science, Measurement & Technology, 2026
solution involves discretizing the spiral into segments of PMs, as
suggested by Ling et al. [ 9 ]. The latter demonstrates that using a
discretization of the PMs with smaller pieces can produce a good
approximation of an ideal spiral as far as the MLS is concerned.
For this prototype, a 20 degrees arc segment for the discretized
PMs was adopted, i.e., one turn requires eighteen pieces of PMs
pieces. 

2.3 FEA 

For this study, a FEA was performed using the ANSYS Electronics
software to provide theoretical results. The model considered the
magnetic flux density with attention to the concentration points
to avoid saturation and the maximum pull-out axial force and
torque produced. Simulation results were obtained for the 3D
models of both topologies, i.e., axial array and a quasi-Halbach
array, as illustrated in Figure 1 , using a 3D model that accounted
for the proper characteristics of the magnetic materials. There
were four simulation models involving the two topologies, each
one using the two rotors one at a time with different soft magnetic
materials. 

The design of the trapezoidal thread adopts a tooth angle of
35.6◦, which contributes to reducing the magnetic saturation at
its edges. 

3 Prototype 

To obtain experimental results, a prototype using a slider that
matches the quasi-Halbach array, guiding rails and bearings, and
an external case was assembled. It allows the use of two threaded
rotors: one with SPM and another made from AISI 1020 steel. 

SMC has a lower maximum magnetic permeability, which can
reduce the resulting air-gap flux density and, consequently, the
axial force. However, the material can also reduce eddy-current
losses in the rotor when compared to a solid steel rotor, as already
mentioned. 

The composite rotor is constructed from stacked discs of SPM
glued together to form a rigid rod, as shown in Figure 3(a) , which
is machined in order to produce the rotor thread. The thread
machining process was carried out using a CNC machine and
resulted in the final rotor form presented in Figure 3(b) . 

The steel rotor thread was machined from a rigid rod of AISI 1020
steel as shown in Figure 4 . 

The slider is constructed from an aluminium case with internal
dovetail joints that hold the PMs in place. These are arranged
to form a helix, as shown in Figure 5 . This case also allows the
mounting of the linear bearings. 

After the assembly of the PMs inside the case, the distribution
of the slider magnetic flux density was checked using a magnetic
viewing film. Figure 6 shows the expected helix pattern. 

To build the system, linear guides, axis guides, and an external
cylinder are added to keep the parts together, as illustrated in
Figure 7 . The total mass of the slider moving parts is 3.9 kg. 
3 of 7
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FIGURE 3 The SPM rotor: (a) glued discs and axis; and (b) 
machined trapezoidal thread. 

FIGURE 4 The AISI 1020 steel rotor with trapezoidal thread. 

FIGURE 5 The slider with some PM pieces assembled inside. 

 

 

 

 

 

FIGURE 6 Slider with a magnetic viewing film placed around the 
former. 

FIGURE 7 The external cylinder with the rotor allocated inside the 
slider. 
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4 Tests and Results 

The pull-out force numerical results were computed by means of
the FEA model using the relative slider axial position with respect
to the rotor as the variable parameter. Once the rotor position
is fixed, a step-by-step variation of position of the slider position
misalignment with respect to the rotor thread takes place, and the
pull-out force calculated. 
4 of 7
This allows the computation of the pull-out axial force and
torque. The same methodology was applied to the experimental
measurement procedure, which is similar to [ 7 ] and is performed
in a static fashion. 

To compare with the numerical results, the quasi-Halbach array
configuration prototype, either using the SPM rotor or the steel
rotor, was tested on an MTS 810 servo-hydraulic material testing
system with a load cell able to measure up to 500 kgf with 0.5%
rated error. To obtain the pull-out axial force, the rotor was locked.
The test machine imposes a controlled axial displacement on the
slider, and as the load cell is attached to the axis guides, the force is
measured according to the setup shown in Figure 8 . Table 3 shows
FEA and experimental results. The maximum pull-out axial force
obtained from the FEA with the SPM rotor is 1.1674 kN with the
axial array version, while the quasi-Halbach array version goes up
to 1.9057 kN, i.e., a 63.2% difference that favours of the latter. 

Based on those results, Table 4 shows the calculated maximum
pull-out force per unit of volume of the PMs and per active
IET Science, Measurement & Technology, 2026
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FIGURE 8 With quasi-Halbach array and SMC rotor under test by the MTS 810 machine. 

TABLE 3 Measured pull-out force and torque of the MLS with quasi-Halbach array and FEA pull-out force and torque for quasi-Halbach and axial 
arrays. 

Prototype Configuration Pull-out force (N) Pull-out torque (Nm) 

Quasi-Halbach array 
MLS 

Experimental SPM rotor 1710.8 14.7 
Experimental AISI 1020 steel rotor 1820.4 15.6 

FEA SPM rotor 1905.7 16.4 
FEA AISI 1020 steel rotor 2040 17.5 

Axial array MLS FEA SPM rotor 1167.4 10.0 
FEA AISI 1020 steel rotor 1250.2 10.7 

TABLE 4 Maximum pull-out force and torque analysis per volume. 

Quasi-Halbach array MLS—permanent magnets volume 169.6 cm3 —active volume 346.4 cm3 

Axial array MLS—permanent magnets volume 113.1 cm3 —active volume 346.4 cm3 

Prototype Configuration 

Maximum pull-out force Maximum pull-out torque 

Per volume of 
permanent 

magnets (N/cm3 ) 
Per slider active 
volume (N/cm3 ) 

Per volume of 
permanent magnets 

(Nm/cm3 ) 

Per slider active 
volume 

(Nm/cm3 ) 

Quasi-Halbach 
array MLS 

Experimental SPM 

rotor 
10.08 4.94 0.087 0.042 

Experimental AISI 
1020 steel rotor 

10.73 5.26 0.092 0.045 

FEA SPM rotor 11.24 5.49 0.097 0.047 
FEA AISI 1020 steel 

rotor 
12.02 5.89 0.103 0.051 

Axial array MLS FEA SPM rotor 10.32 3.37 0.088 0.029 
FEA AISI 1020 steel 

rotor 
11.05 3.61 0.095 0.031 
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volume. The latter is defined as the sum of the permanent-
magnets volume, the slider’s ferromagnetic material for the axial
array configuration, the rotor portion magnetically coupled to the
slider, and the air-gap between slider and rotor. 
IET Science, Measurement & Technology, 2026
The results for the SPM rotor in terms of pull-out force as a
function of the axial displacement of the slider with locked rotor
are presented in Figure 9 . For the steel rotor, Figure 10 shows the
5 of 7
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FIGURE 9 Pull-out force due to slider axial displacement with 
blocked SPM rotor. 

FIGURE 10 Pull-out force due to slider axial displacement with 
blocked AISI 1020 steel rotor. 

FIGURE 11 Pull-out torque due to slider axial displacement with 
blocked SPM rotor. 

 

 

 

 

 

 

 

 

 

FIGURE 12 Pull-out torque due to slider axial displacement with 
blocked AISI 1020 steel rotor. 
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And the results for the SPM and steel rotors in terms of pull-out
torque as a function of the axial displacement of the slider with
locked rotor are presented in Figures 11 and 12 , respectively. 

5 Conclusion 

This work presents a novel topology for a MLS that utilises a slider
composed of a helically arranged quasi-Halbach array of PMs
and a rotor made of SMC. The key aspects of the prototype were
discussed, along with FEA and experimental results, demonstrat-
ing significant improvements when using quasi-Halbach arrays
compared to axial arrays. The FEA results in terms of pull-
out force and torque demonstrate that quantities achieve higher
6 of 7

tive
values for the quasi-Halbach MLS when compared to the axial
array version, and the experimental results corroborate these 
findings as demonstrated by the results in Tables 3 and 4 . 

By using different materials for the rotor, i.e., SPM and AISI
1020 steel, it is shown that there is an increase in pull-out force
per slider active volume with the quasi-Halbach array version in
terms of experimental results: the MLS prototype with the SPM
rotor achieved a 46.5% increase when compared to its theoretical
axial array version. The MLS with an AISI 1020 steel rotor
achieved a 45.6% increase when compared to its axial array. The
AISI 1020 steel rotor produced a nearly 6% larger force and torque
due to higher magnetic permeability compared with the SPM
(Table 1 ), which allows a higher air-gap magnetic flux density. 

The feasibility of using a soft magnet composite to form the rotor
of the MLS is promising, despite producing slightly lower pull-out
force and torque. However, its real advantage must be verified in
terms of magnetic losses as a function of the linear speed for both
rotors in future work. This work contributes to an original way to
use a SMC to create a rotor that produces reasonable results and
enables a study of its magnetic losses. 
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