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Comparison of the propulsion of helical robots moving at low reynolds 

numbers based on hard- and soft-magnetic elements
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H I G H L I G H T S

• First direct comparison of hard- and soft-

magnetic microrobot propulsion.

• Hard-magnetic microrobots reach 4.5 

times the speed of helices.

• Findings provide design rules balancing 

speed, geometry, and biocompatibility.
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A B S T R A C T

This study compares the propulsion of scaled-up helical microrobot models, based on hard- and soft-magnetic 

elements under rotating magnetic fields. The experiments were performed at the millimeter scale and interpreted 

using hydrodynamic scaling laws to predict microscale behavior. Results show that hard-magnetic microrobots 

achieved step-out frequencies and maximum propulsion speeds 4.5 times higher than soft-magnetic microrobots. 

Below saturation magnetization, soft-magnetic microrobots demonstrated similar performance irrespective of 

magnetic susceptibility, highlighting that torque generation in these materials is purely geometry-dependent. 

Employing a tapered ribbon design increased propulsion speed by a factor of 3.5 compared to regular helical 

designs. These results show that the impact of using soft rather than hard magnets is manageable, allowing for 

biodegradable magnets such as pure iron. The theory and experiments in this paper provide a quantitative basis 

for selecting materials and designs.

1 . Introduction

Over the past decade, microrobots have emerged as a versatile plat­

form for biomedical applications, including the physical removal of 

blood clots and biofilms [1,2], targeted drug delivery [3], and thermal 

ablation of bacterial infections [4].

Microrobots typically have a polymeric structure created through 

two-photon polymerization or micro-stereolithography [5]. The energy 

for self-propulsion can be extracted from the fluid (for instance H2O2

or glucose) [6] or from a time-varying external field (magnetic [7], 

acoustic [8]). Often, a external magnetic field is used to apply torque 

to the microrobot for steering. If the magnetic field is required anyway 
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for steering, it may as well be used for propulsion. This enables precise 

microrobot control using tri-axial Helmholtz coil systems, and also al­

lows for magnetic heating [9,10]. The magnetic component can consist 

of either hard- or soft-magnetic materials. Hard-magnetic materials, or 

permanent magnets, retain their magnetization over extended periods. 

They are favored for their ability to generate high magnetic torques, 

with NdFeB as a typical choice [11,12]. However, NdFeB exhibits cy­

totoxic properties, necessitating careful consideration for in vivo use, 

even when the microrobots are removed after use [13]. In contrast, soft 

magnetic materials lose their magnetic moment quickly. Typical exam­

ples like pure iron or iron-oxide are biocompatible but provide limited 

torque output, which might constrain their use [3,14].

Despite these trade-offs, a direct experimental comparison between 

hard- and soft-magnetic based microrobots has, to our knowledge, not 

been conducted. Such an analysis would contextualize the usability of 

magnetic materials already used in microrobots, such as NdFeB and 

iron-oxides, and validate the integration of novel materials such as 

biodegradable pure Fe, which could be incorporated as thin wires down 

to 25 µm.

In this study, we compare the propulsion of hard- and soft-magnetic 

microrobots under rotating magnetic fields. Microrobots for medical ap­

plications typically have dimensions below 1 mm [15] and move at 

speeds below ten body lengths per second [6]. Our target dimension is 

0.5 mm, where the immune response is still absent. At these scales and 

velocities, the microrobots operate in the Stokes-flow regime, where vis­

cous forces dominate over inertia. To study propulsion in this regime, 

we can increase the size of the robots while proportionally increasing 

the viscosity of the surrounding medium by using glycerin. This ap­

proach preserves the relevant flow physics, simplifies the experiments, 

and enables more precise measurements. Since we focus on the differ­

ence between microrobots with hard or soft magnets, we restricted the 

trajectory to a straight line by confining the microrobot in a tube, al­

lowing for simple, precise experiments. Therefore the magnetic field 

configuration was optimized for propulsion only.

We studied three distinct microrobot geometries, each fabricated 

with three different magnetic materials: NdFeB (hard-magnetic), MnZ 

ferrite (soft-magnetic), and pure Fe (soft-magnetic). This resulted in nine 

unique microrobots, all 10 mm in length, allowing us to compare the 

performance of the magnetic elements as well as the geometry.

2 . Theory

2.1 . Magnetic torque

The helical microrobots in our study translate rotation around their 

long axis into forward motion. This rotation is driven by a uniform, ex­

ternally applied rotating magnetic field. Torque is generated either by 

embedding a permanent magnet whose magnetization is perpendicular 

to the direction of motion, or by using a soft-magnetic cylinder oriented 

with its long axis perpendicular to this direction (see Fig. 2).

For hard-magnetic microrobots, magnetic torque arises from the ten­

dency of the magnet’s fixed magnetization to align with an external 

magnetic field. Maximum torque is achieved when the magnetization 

and field are perpendicular, and is given by [16]:

𝑇 hard
max = 𝜇0𝑉𝑀𝐻0 (Nm), (1)

where 𝜇0 is the vacuum permeability (N/A2), 𝑉  the volume of the mag­

netic element (m3), 𝑀  the magnetization (A/m), and 𝐻0 the applied 

external magnetic field strength (A/m).

In soft-magnetic microrobots, torque arises from shape anisotropy. 

Shape anisotropy depends on geometry, favoring alignment of the ma­

terial’s long axis with the external magnetic field to minimize magnetic 

energy. When an external magnetic field is applied at an angle to this 

axis, torque is generated. Maximum torque is reached when the external 

magnetic field is angled 45◦ relative to the long axis of the soft-magnetic 

material, and is defined by Abbott et al. [17]:

𝑇 soft
max =

𝜇0𝑉 𝐻2
0 (𝑛r − 𝑛a)
2𝑛a𝑛r

 (N m). (2)

Here, 𝑛𝑟 and 𝑛𝑎 represent the demagnetization factors in the radial 

and axial (long) directions, respectively, which can be approximated 

with ellipsoid demagnetization factors. This equation is valid only when 

the internal magnetization remains below saturation, defined as:

𝐻low =
𝑀s𝑛𝑎𝑛𝑟

√

2
√

𝑛2𝑎 + 𝑛2𝑟
 (A/m) , (3)

where 𝑀s is the saturation magnetization (A/m). By approximating the 

cylindrical magnets used in this study (aspect ratio 7.1) as ellipsoids 

with an identical aspect ratio, saturation fields (𝜇0𝐻low) of 23 mT for 

ferrite and 86 mT for iron were calculated using Osborn’s equations [18]. 

The magnetic field in our experiments remains below these values. The 

torque equations for 𝐻0 > 𝐻low are provided in Supplementary Material 

1 together with the derivations of Eqs. (1)–(3).

2.2 . Microrobot hydrodynamics

The forward motion of the helical microrobots in viscous fluids (Re 

≪ 1), is related to their rotational velocity by [19]:

𝑣 = − 𝑏
𝑎
𝜔 (m/s) . (4)

Here, 𝑎 represents the resistance to forward motion (N.s/m), and 𝑏
denotes the coupling between rotation and translation (N.s), both depen­

dent on microrobot geometry and fluid viscosity. The maximum forward 

velocity 𝑣max is limited by the highest rotational frequency at which 

the microrobot can maintain synchronous rotation with the external 

magnetic field, known as the step-out frequency 𝜔max (Hz), given by:

𝜔max = 𝑎
𝑎𝑐 − 𝑏2

𝑇max (Hz), (5)

where 𝑐 is the rotational resistance (N.s.m). Above this rotational fre­

quency, the rotation becomes erratic, and the forward velocity drops 

upon further increase in the frequency. The step-out frequency provides 

an indirect measure of the magnetic torque on the microrobot, which 

cannot be easily assessed by other means.

The microrobots in this study were fabricated at a scale one to two 

orders of magnitude larger than those envisioned for practical biomed­

ical applications. Despite this size difference, meaningful predictions 

can still be made through extrapolation. This is possible because, in 

the laminar flow regime – characterized by Reynolds numbers much 

smaller than unity – the flow profile is scale-invariant. To ensure that 

our millimeter-scale microrobots operated in this regime, we increased 

the fluid viscosity by two orders of magnitude.

To extrapolate our large-scale observations to smaller microrobots, 

we introduce a scaling factor 𝜆 < 1. When all linear dimensions are 

scaled by this factor, the overall shape of the microrobot is preserved, 

and the surrounding flow profile remains geometrically similar.

The drag coefficients 𝑎, 𝑏, and 𝑐 decrease with size and viscosity as 

𝜆𝜂, 𝜆2𝜂, and 𝜆3𝜂, respectively. Similarly, the magnetic torque, whether 

originating from a hard (Eq. 1) or soft magnet (Eq. 2), is proportional 

to the magnet’s volume and thus scales as 𝜆3. Substituting these scaling 

relationships into Eqs. (4) and (5) yields:

𝑣max ∝ 𝜆
𝜂

. (6)

This shows that the maximum speed scales linearly with the size of 

the microrobot and inversely with the viscosity of the surrounding fluid. 

For example, scaling a 10 mm robot down to 100 µmm and reducing 

the fluid viscosity from 1Pa.s to 5mPa.s would double 𝑣max assuming all 

other parameters remain unchanged.

Sensors and Actuators: A. Physical 399 (2026) 117463 
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3 . Experimental

3.1 . Rotating magnetic field generation

The goal of the setup shown in Fig. 1, was to generate a uniform 

rotating magnetic field of 20 mT over a 120 mm region to enable mi­

crorobot propulsion. This system serves as a cost-effective alternative 

to traditional Helmholtz coil setups. The magnetic field was generated 

using two identical arrays (175 × 30 mm), each consisting of 3 rows 

and 18 columns of 5 × 5 × 5 mm N42 NdFeB magnets (Supermagnete, 

Gottmadingen, Germany). The distance between the opposing magnets 

was optimized using the Adam algorithm from the Optax library in 

Python [20], leading to a predicted variation in the component of the 

magnetic field perpendicular to the array of only 7 µT (0.035%) over 

a length of 12 cm. The resulting array was 3D printed using a Bambu 

Lab X1C, and the individual magnets were secured via press-fit. The 

field, as measured with a Lake Shore 455 DSP Gaussmeter, varied from 

19.9–20.2 mT (1.5%). The variation is larger than predicted, most likely 

due to a combination of variations in magnet moments and position­

ing inaccuracies of the individual magnets [21]. To achieve this field 

strength and uniformity, one would need a Helmholtz coil set with coil 

diameters over 34 cm and over 3800 A⋅turns.

The magnetic arrays were rotated using a stepper motor and con­

trolled through a touchscreen connected to an Arduino Uno. To ensure 

safe operation, the stepper motor was restricted to a maximum rotational 

frequency of 5 Hz.

3.2 . Microrobot design and fabrication

One hard-magnetic microrobot, NdFeB (N42; first4magnets, Sutton-

in-Ashfield, United Kingdom), and two soft-magnetic microrobots, MnZ 

ferrite (78 material; Fair-Rite, Wallkill, United States) and pure Fe 

(99.5 % purity; Goodfellow, Huntingdon, United Kingdom), were tested 

(Fig. 2). Two soft-magnetic microrobots were tested to assess the influ­

ence of magnetic susceptibility on torque generation. The NdFeB magnet 

measured 3  mm in length and 1  mm in diameter and had a rema­

nent magnetization of 1.03 MA/m. The ferrite and pure Fe samples were 

5.33  mm long and 0.75  mm in diameter to match the magnetic vol­

ume of the NdFeB magnet, with magnetic susceptibilities of 3000 and 

8000, respectively. The saturation magnetization of 99.5 % pure Fe is 

1.4 MA/m and 0.38 MA/m for 78 material ferrite. Three microrobot de­

signs from the literature were tested: a double helix, a tapered double 

helix, and a tapered ribbon-shaped design [22]. All designs were 10  mm 

in length. The double helix had a constant width of 6.5  mm and a coil 

diameter of 0.8  mm. The tapered helix had the same length and maxi­

mum width but featured a 30◦ taper from both ends toward the center. 

The ribbon-shaped design consisted of a 0.3  mm thick twisted plate with 

a central width of 6.5  mm, tapered from both ends toward the center, 

also at a 30◦ angle.

Fig. 1. Rotating magnetic field setup for generating uniform magnetic torque to 

propel microrobots.

Fig. 2. Tested hard- and soft-magnetic microrobot designs, each 10  mm long, 

with matched magnetic volumes.

The microrobots were designed in SolidWorks (Dassault Systèmes, 

Vélizy-Villacoublay, France), processed using PreForm slicing software 

(Formlabs Inc., Somerville, MA, USA), and printed on a Formlabs Form 

3 stereolithography printer (Formlabs Inc., Somerville, MA, USA) with 

clear V4 resin. Printed structures were washed in isopropanol (Form 

Wash, Formlabs; 10 min), post-cured (Form Cure, Formlabs; 30 min), 

and support marks were manually removed using 800-grit sandpa­

per. Magnetic materials were secured using UHU Magnet Glue (UHU 

GmbH & Co. KG, Bühl, Germany). For full fabrication details, see 

Supplementary Material 3.

The 3D models of all microrobot designs, corresponding PreForm 

files, the 3D model of the test setup, wiring diagrams, bill of materials, 

and optimization code are available on GitHub.

3.3 . Microrobot propulsion evaluation

The microrobot was placed inside a glass tube with an inner di­

ameter of 10 mm filled with glycerin. The microrobot was resting on 

the bottom of the tube. Propulsion characteristics were determined by 

recording the microrobot’s motion over a 100 mm path at 0.1  Hz inter­

vals using an iPhone 14 camera at 60fps (see Supplementary Material 

4). The camera was placed at the center of the magnetic arrays at a dis­

tance of 120 mm. The entry and exit frames were used to determine the 

travel time and compute the speed. A linear fit was applied to the speed 

measurements up to the rotation frequency at which half the maximum 

speed was reached. The measurement was repeated at least three times. 

Subsequently, the 95 % confidence interval of the measurements was 

determined by:

Δ𝑣𝑖 = 1.96 𝑣𝑖

√

(RMSE
𝑣̄

)2
+
(𝜎d
𝐿

)2
 (m/s) , (7)

where Δ𝑣𝑖 is the half-width of the 95 % confidence interval for the 𝑖-th 

speed measurement, 𝑣𝑖 is the corresponding speed, RMSE is the root-

mean-square error of the linear fit applied to the first 50% of data points 

up to the maximum speed, 𝑣̄ is the mean speed over that range, 𝜎d is the 

distance measurement uncertainty, and 𝐿 is the nominal measurement 

length. The step-out frequency 𝜔max was defined as the lowest rotational 

frequency at which three consecutive speed measurements, including 

their confidence intervals, fell entirely below the linear fit.

4 . Results and discussion

4.1 . Magnetic material comparison

Table 1 summarizes the step-out frequencies and maximum propul­

sion speeds for all tested materials and designs. Notably, hard-magnetic 

(NdFeB) microrobots achieved higher step-out frequencies and corre­

sponding maximum speeds compared to soft-magnetic (ferrite and pure 

Fe) variants. Table 1 also shows that both soft-magnetic materials exhib­

ited similar propulsion performance despite having different magnetic 

Sensors and Actuators: A. Physical 399 (2026) 117463 
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Table 1 

Comparison of the step-out frequency 𝜔max and the result­

ing maximum forward speed 𝑣max with embedded hard- or 

soft-magnetic elements in three different microrobot designs. 

Microrobots based on hard-magnetic elements are 4.5 times 

faster than those based on soft-magnetic elements. The maxi­

mum velocity for soft-magnetic elements is independent of the 

material used.

Design Magnet

Type

Material 𝜔max
Hz

𝑣max
mm/s

Helix Hard NdFeB 4.4(2) 2.7(2)

Soft Ferrite 1.2(1) 0.6(1)

Soft Pure Fe 1.1(1) 0.6(1)

Tapered Helix Hard NdFeB > 5.0 > 2.8
Soft Ferrite 3.2(1) 1.8(1)

Soft Pure Fe 3.1(1) 1.8(1)

Tapered Ribbon Hard NdFeB > 5.0 > 6.2
Soft Ferrite 2.4(1) 2.1(1)

Soft Pure Fe 2.3(1) 2.0(1)

susceptibilities. This aligns with the findings of Abbott et al. [17], who 

reported that torque generation in soft-magnetic materials is insensitive 

to magnetic susceptibility. This holds true as long as the magnetic mate­

rial remains unsaturated. Since commercially available Helmholtz coil 

systems typically operate below 20 mT, magnetic saturation is unlikely 

to occur when using such systems for microrobot propulsion.

4.2 . Microrobot design comparison

Fig. 3 shows that hard-magnetic helical microrobots achieved a max­

imum speed 4.5 times higher than both soft-magnetic designs, which 

is close to the predicted value of 4.7 based on Eqs. (1) and (2) (see 

Supplementary Material 1). The nearly identical propulsion efficiencies 

(slope: 0.64(3)) of the hard- and soft-magnetic helical designs also in­

dicate that the orientation of the magnetic material, whether along the 

length or width of the microrobot, has minimal effect on propulsion 

characteristics. Interestingly, the relationship between the rotational fre­

quency of the magnetic field and translational speed became nonlinear 

as it approached maximum speed. This behavior contrasts with the fully 

linear response reported by Wang et al. [19]. The observed gradual loss 

of linearity likely results from subtle local variations in the magnetic 

field or from local increases in drag due to occasional wall contact. Both 

effects can cause the microrobot to reach the step-out frequency earlier 

in specific regions along its propulsion path. However, these deviations 

Fig. 3. Measured translation speed as a function of external magnetic field ro­

tation frequency for one hard-magnetic (NdFeB) and two soft-magnetic (ferrite 

and pure Fe) helical microrobots. All designs exhibited similar linear behavior 

up to their step-out frequency, with the hard-magnetic helix achieving a step-out 

frequency and maximum speed 4.5 times higher compared to the soft-magnetic 

designs.

Fig. 4. Measured translation speed as a function of external magnetic field ro­

tation frequency for one hard-magnetic (NdFeB) and two soft-magnetic (ferrite 

and pure Fe) tapered helical microrobots. This design achieved a threefold in­

crease in step-out frequency and maximum speed compared to regular helical 

designs.

remained small, indicating minimal wall contact and underscoring the 

overall uniformity of the generated magnetic field.

The tapered helix achieved the highest step-out frequency among 

all soft-magnetic designs, but also had the lowest propulsion efficiency 

(slope: (0.57(1)), as can be seen in Fig. 4. This enhancement in speed 

and step-out frequency is attributed to the reduced width and increased 

spacing between the microrobot and surrounding surfaces, which de­

creases rotational friction. Although this design slightly compromises 

propulsion efficiency, the threefold increase in maximum speed out­

weighs this reduction. It should be noted that the step-out frequency of 

hard-magnetic tapered helices exceeded the experimental limit of 5 Hz, 

preventing direct confirmation of the three-fold increase in step-out 

frequency and maximum speed. Reducing the magnetic field strength 

could lower the step-out frequency to within the experimental limit of 

5 Hz. However, this would also narrow the operational frequency range 

of the soft-magnetic microrobots, reducing result accuracy. Therefore, 

this approach was not pursued. Given the identical slopes and torque-

dependent propulsion behavior observed in the regular helical designs, 

however, it is likely that a similar threefold increase applies to the hard-

magnetic tapered helical designs. Furthermore, the higher rotational 

speeds of this design may also improve the physical ablation of struc­

tures with shear-thinning properties, such as biofilms [23]. However, 

further research is needed to quantify this effect. 

Fig. 5 shows that the tapered ribbon achieved the highest maximum 

speed among all tested designs, which could shorten procedure times 

in biomedical applications. Its step-out frequency was twice that of the 

Fig. 5. Measured translation speed as a function of external magnetic field rota­

tion frequency for one hard-magnetic (NdFeB) and two soft-magnetic (ferrite and 

pure Fe) ribbon-shaped microrobots. This design achieved the highest maximum 

speeds among all designs.

Sensors and Actuators: A. Physical 399 (2026) 117463 
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regular helix, while its maximum speed was 3.5 times greater. Despite 

having a step-out frequency lower than the tapered helix, the tapered 

ribbon achieved the highest maximum speed. This underscores the in­

tricate relationship between rotational resistance and propulsion. The 

larger surface area of the ribbon-shaped design may also allow for 

greater drug loading and faster release. Interestingly, a small but sta­

tistically significant efficiency gap was observed between hard- and 

soft-magnetic ribbon-shaped designs, with slopes of 1.24(2) and 0.95(2) 

respectively. This likely occurred because the thinner ribbon walls made 

the transverse rods in the soft-magnetic designs contribute more to drag. 

In contrast, the thicker overall structure of the helical designs resulted 

in minimal additional drag from the transverse rod. Nevertheless, the 

ribbon-shaped designs achieved the highest maximum speed of all tested 

microrobots.

The microrobots used in our experiments are roughly twenty 

times larger than the dimensions envisioned for medical applications. 

Although the flow physics at low Reynolds number remains identi­

cal when scaling down, other forces change their relative importance. 

Because mass scales with volume while viscous drag scales only with 

the characteristic length, gravitational effects become much less domi­

nant as robots are miniaturised. As a result, sub-millimeter robots will 

sediment more slowly and suffer less from hydrodynamic wall effects. 

However, once such small robots make contact with a wall, adhesive 

surface forces (electrostatic, double-layer, and van der Waals) become 

dominant and can lead to undesired sticking. Sticking may be suppressed 

by suitable surface engineering, such as applying biocompatible coatings 

to reduce charge interactions or hydrophobic adhesion.

5 . Conclusions

We compared the propulsion under Stokes-flow of helical micro­

robots of 10 mm length actuated by an external rotating magnetic field, 

using either hard- or soft-magnetic elements and three representative 

shapes. This allowed us to isolate the effects of magnetic material and 

geometry on the maximum propulsion speed.

Helical microrobots incorporating hard-magnetic materials outper­

form their soft-magnetic counterparts under rotating magnetic fields, 

achieving a 4.5-fold higher step-out frequency and corresponding maxi­

mum propulsion speed under matched magnetic volume, field strength, 

and viscosity at low Reynolds numbers. Notably, for soft-magnetic ma­

terials, the generated torque is independent of magnetic susceptibility, 

resulting in identical propulsion characteristics for comparable geomet­

ric designs for external magnetic field strengths below the saturation 

value of approximately 23 mT for ferrite and 86 mT for pure Fe. 

Furthermore, employing a tapered ribbon-shaped design was shown 

to improve maximum propulsion speed by a factor of 3.5 compared 

to a regular helical design, underscoring the influence of geometry on 

microrobot performance.

These results demonstrate that replacing permanent-magnet alloys 

with bio-compatible soft-magnetic iron cores still allows for effective 

propulsion while improving biocompatibility. The observed perfor­

mance differences provide a quantitative basis for informed material and 

design selection. This enables designers to balance the propulsion ad­

vantages of hard magnets against the biocompatibility of soft-magnetic 

alternatives. It also allows them to select the most suitable geometric 

design for their application.

This work was limited to propulsion along a line. Future work should 

explore navigation in more dimensions, in confined environments with 

obstacles [24–26]. Since many microrobots will be used, interaction 

needs to be addressed [27]. Next to navigation, one should consider 

microrobot functionalities beyond propulsion, with a particular focus on 

heating efficiency for thermal ablation and controlled drug release [28]. 

Comparing hard- and soft-magnetic materials in this context would offer 

a more comprehensive understanding of their respective advantages and 

limitations, ultimately guiding the design and application of microrobots 

for specific clinical tasks.
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Appendix A . Magnetic field validation

Fig. 6 shows that the variation in measured magnetic field is limited 

to 1.5% over the actuation region.

Fig. 6. Measured magnetic field strength along the central axis of the rotating 

magnetic field setup (x-axis). A 20 mT field was maintained across the 120  mm 

wide actuation region, with little deviation from the target field.

Appendix B . Supplementary data

Supplementary data to this article can be found online at doi:10.

1016/j.sna.2026.117463. 

Data availability

Data will be made available on request.
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