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ABSTRACT 

This work demonstrates the feasibility of a 
magnetohydrodynamic (MHD) thruster for autonomous microscale 
propulsion in seawater and the benefit of using a novel Halbach 
cylinder configuration to increase exit speeds, thrust, and thruster 
velocity. MHD propulsion can provide reversible mobility in 
conductive fluids such as seawater without moving parts by utilizing 
a magnetic field and current density orthogonal to each other to 
propel fluid via the Lorentz force (thrust). An MHD thruster at small 
scales has been demonstrated to be reasonable and functional within 
microfabricated ranges.  
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INTRODUCTION 

Microrobotic propulsion through a liquid medium has mostly 
been categorized as magnetic, chemical, or biologically assisted. 
Magnetic propulsion has been widely used because of favorable 
scalability at microscale and the ability to penetrate a large variety 
of materials [1,2]. Among the magnetic swimming locomotion 
strategies, oscillating and rotational motion are the most common. 
Although, they rely on an external control of magnetic fields [3], 
which limit the autonomy of the microrobot. A promising alternative 
for untethered autonomous magnetic locomotion of microrobots is 
magnetohydrodynamics (MHD).  The concept of MHD utilizes a 
constant magnetic field and current density orthogonal to each other 
to create the Lorentz force, where conductive fluid can be propelled 
backwards to impart forward motion and thrust on an attached 
vehicle. An MHD thruster for microrobotic motion is a unique 
locomotive method that has not been published before. Previous 
efforts in using MHD for thrust have been conducted at the 
macroscale with a common setup of two magnets and two electrodes 
each at a set distance apart [4,5], requiring higher magnetic fields 
for thrusts comparable to similar macroscale propulsive 
mechanisms. Such higher magnetic fields would yield higher fluid 
speeds, as examined for MHD pumping applications [6,7]. Recent 
developments in microscale fabrication of magnets have showcased 
magnetic fields comparable to that at the macroscale [8,9], which 
warrants an examination of MHD propulsion for viable motion at 
the microscale. 

This work proposes two configurations for an MHD thruster. 
The first is a “magnet pair” configuration, where two cube magnets 
aligned in series with magnetic poles pointing in the same direction 
are separated apart by a set distance to include a nozzle and two 
electrodes. The second is a proposed “Halbach cylinder” 
configuration that strengthens and homogenizes the magnetic field 
within the nozzle to impart higher exit speeds and thrust. Analytical 
equations were defined for MHD, and finite element simulation 
models were constructed such that the configurations were 
compared. The magnet pair configuration was then validated using 
mesoscale experimental assembly and characterization. The goal of 
this work is to determine the feasibility of MHD propulsion for 
microrobots and its enhancement due to a Halbach cylinder. 

 
EXPERIMENTAL METHODS 

The general principle of MHD is the propulsion of an 
electrically conductive Newtonian fluid using the Lorentz force. 

This is represented in Fig. 1 with a conceptual diagram for the two 
thrusters proposed in this work. Modeling this principle involves 
coupling electric and magnetic fields through the Maxwell equations 
as well as the Navier-Stokes equation. The set of equations that fully 
describe the MHD concept is [4,6]: 

 
            𝑱 =  𝜎( −𝛻𝑉 + 𝒖 × 𝑩 ), (1) 
                     𝑭 = 𝑱 ×  𝑩,  (2) 

𝝆 ቂ 
𝝏𝒖

𝝏𝒕
+ (𝒖 ∙ 𝜵)𝒖 ቃ =  −𝜵𝒑 +  𝝁𝜵𝟐𝒖 + 𝑭.                (3) 

 
The current density between electrodes (𝑱) is described by Eq. 

(1) using Ohm’s Law, where 𝜎 is the fluid’s electrical conductivity, 
𝑉 is the electric potential, 𝒖 is the fluid velocity vector, and 𝑩 is the 
magnetic flux density field (sometimes called magnetic field). The 
force over the conductive media produced by coupling current 
density and magnetic field is described in Eq. (2) and named the 
Lorentz force (𝑭). The fluid velocity vector (𝒖) can be calculated by 
incorporating the force 𝑭 into the Navier-Stokes equation described 
in Eq. (3), where 𝜌, 𝑡, 𝜇, and 𝑝 denote the density, time, dynamic 
viscosity, and pressure of the conductive fluid. Additional 
conditions for magnetic flux conservation (where magnetic 
monopoles cannot exit: 𝛻 ∙ 𝑩 = 0) as well as fluid continuity (for 
incompressible flow cases: 𝛻 ∙ 𝒖 =  0) should be conserved.  

 
Analytical model development for a Halbach cylinder 

Due to the novel approach, special attention was given to the 
model of the magnetic field produced within the bore of a Halbach 
cylinder. Analytical calculations and simulations were done for 
model validation. 𝐵௖௬௟  is the cylinder’s magnetic field that varies 
with the size of the inner (𝑟௜) and outer (𝑟௢) radii (assuming infinite 
long cylinders) in the equation:  
 

𝐵௖௬௟  =  𝐵௥  𝑙𝑛 (𝑟௢/𝑟௜),                                (4) 
 

where 𝐵௥ is the saturation magnetic field [10]. This model assumes 
a continuous variation of magnetization direction around the 
cylinder, but authors represented the cylinder with a 12-magnet 
segmentation that yielded ~95% accuracy with respect to the model 
[11]. Each magnet segment has a specific angle of magnetization 

 
                        (a)                                               (b) 
Figure 1: MHD propulsion concept (inset). (a) Proof-of-
concept magnet pair MHD thruster using a PCB with electrodes 
and 64 mm3 embedded cube magnets. (b) Halbach cylinder 
MHD thruster. 
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calculated by 𝜂 = 2𝜃 where 𝜂 is the magnet’s angle of 
magnetization – measured from the vertical axis – and 𝜃 is the angle 
from the vertical axis to the permanent magnet (where both angles 
are clockwise positive) [10].  

For scaling analysis, 𝑟௜ is selected as the smallest feature size 
and denoted as 𝜆. The non-dimensional outer radius coefficient (𝛽) 
is defined as the outer radius-to-inner radius ratio 𝛽 = 𝑟௢/𝑟௜  = 𝑟௢/𝜆. 
Similarly, the non-dimensional length coefficient (𝛾) is defined as 
the cylinder length (𝐿)-to-inner radius ratio: 𝛾 = 𝐿/𝑟௜  = 𝐿/𝜆. 
 
Finite element analysis 

Simulation of the magnetic field and fluid velocities for the 
magnet pair and Halbach cylinder thrusters were conducted in 
COMSOL Multiphysics based on [12], which contains the Magnetic 
Fields-No Currents, Electric Currents, and Laminar Flow domains. 
Magnetic flux directions and material magnetic properties were 
defined under Remanent Flux Density conditions. For the magnet 
pair configuration, two N50 cube magnets, copper wire electrodes, 
and a PCB substrate with the nozzle were fully recreated in a 
saltwater solution. The Halbach configuration replaced the cube 
magnets with 12 segments of N50 magnets (as described in the last 
section) while keeping the rest of the setup identical. The cylinder 
was kept at the same magnetic volume as the pair with 𝛽 = 2 and  
𝛾 = 1. 
 
Scalability analysis 

Characterization of the magnet pair and Halbach cylinder 
thruster require evaluating if a forward motion can be generated at 
different thruster dimensions. Both thrusters with identical magnetic 
volume (𝛽 = 2 and 𝛾 = 1), constant applied voltage of 3 V, constant 
electrode gap, current, and nozzle cross-sectional area were scaled 
between 10 µm ≤ 𝜆 ≤ 1000 µm for comparison.  

A dynamic analysis for the thrusters was calculated in 
MATLAB with extracted mass flow rates and mean nozzle exit 
velocities simulated with COMSOL. The thrust force and the 
resulting opposing drag force were calculated as a culmination of 
pressure forces and shear stresses on the thruster. We propose to 
utilize the steady-state thrust equation of a jet engine on a MHD 
propulsor due to its jet-like nature:  

 
𝑇 =  𝑚௘̇ 𝑢௘ − 𝑚ஶ̇𝑢ஶ,                                (5) 

 
where thrust (𝑇) is dependent on the mass flow rate (𝑚̇) and velocity 
(𝑢) at the exit (e) and freestream (∞) [5]. Furthermore, the flow is 
assumed to be incompressible because the velocities in the system 
are much lower than the speed of sound, meaning that 𝑚̇ can be 
assumed to be constant throughout the system due to fluid 
continuity, where 𝑚̇ is the product of 𝜌, nozzle cross-sectional area, 
and 𝑢௘. The static thrust (𝑇଴) is defined as the thrust at rest (𝑢ஶ= 0), 
leading to the definition of the non-dimensional number 𝑇଴/𝑊 
(static thrust-to-weight ratio) as the maximum acceleration (𝑎) of 
the thruster with respect to the weight of the thruster (in other words 
the 𝑎/𝑔 ratio, with 𝑔 as the gravitational acceleration). 

For drag forces on microrobots, the Kahn-Richardson 
formulation can be used:  

 
𝐷 =  𝜋𝑟ଶ𝜌𝑢ஶ

ଶ (1.84𝑅𝑒ି଴.ଷଵ + 0.293𝑅𝑒଴.଴଺)ଷ.ସହ,          (6) 
 

where drag (𝐷) is a function of the thruster radius (𝑟) and Reynolds 
number (𝑅𝑒), which is the product of 𝜌, 𝑢ஶ, and characteristic 
length (𝑙) all divided by 𝜇 [13]. Because the magnetic volumes of 
both configurations are identical and a function of 𝜆, both 𝑟 and 𝑙 
are equal to 𝜆.  

 
Fabrication and characterization of a magnet pair thruster 

A proof-of-concept magnet pair MHD thruster was milled from 
a 1600 µm thick FR1 printed circuit board (PCB) substrate 
(Nomad 3 CNC). A drilled cutout through the center defined the 
fluid nozzle as an oval-shaped hole 1600 µm × 1794 µm × 794 µm 
(x-y-z) in size. Two ~320 µm wide copper wire electrodes were 
soldered on opposing sides of the nozzle for power connection. Two 
4 mm cube N50 magnets were embedded above and below the 
nozzle to complete the active section of the MHD thruster. Fig. 2a 
showcases the assembled proof-of-concept pair thruster.  

Static characterization of the thruster to evaluate its nozzle exit 
velocity was conducted by fixing the device in place and immersing 
it in a 50 mS/cm conductive saltwater solution just above the nozzle 
(Fig. 2b). The device was powered with constant voltage by a 
tabletop power supply (BK Precision 9140). Electrically conductive 
red dye was dipped into the solution to record fluid motion with a 
camera. High-speed video was recorded above the solution to track 
the dye’s motion, measure its distance travelled, and determine the 
mean nozzle exit velocity (MATLAB).  

Microbubbles during the experiment evidenced a chemically 
reactive process (electrolysis) due to electric current flow in the 
conductive fluid. These bubbles deter MHD flow by decreasing the 
conductive fluid volume and increasing the electrical resistance 
through the fluid [14]. In other words, the production of more ions 
within the solution comes at the expense of more nonconductive 
bubbles formed while power is applied. This evidence suggested the 
need to electrically characterize the MHD process. A cyclic 
voltammetry test upon the proof-of-concept thruster setup (without 
the embedded magnets) in identical saltwater solution was 
performed to evaluate the relationship between applied voltage and 
resulting current. A positive 3 Vp-p 200 mHz triangle wave voltage 
signal was applied as input and the resulting current signal was 
measured using oscilloscope current probes (Tektronix MSO44). 
 
RESULTS 
Magnet pair model 

Simulations of the magnetic flux density (𝐵) were conducted 
for the magnet pair to match fields produced by commercially 
purchased 4mm cube N50 magnets. The maximum 𝐵 field between 
both magnets separated by a given gap was measured. Fig. 3 
validates the concept that increasing the magnet gap leads to a 
decreasing 𝐵 field. To accommodate for the chosen nozzle y-
dimension value of 1794 µm, a separation distance of 2000 µm was 
chosen to allow for ample separation of the electrical circuit from 
the magnets. This gap yields a maximum 𝐵 field value of 0.67 T. 
Further analysis of the 𝐵 field at this distance (not included in this 
document) indicated that a relatively uniform 𝐵 field is set across 
the nozzle area. 
 

 
                       (a)                                         (b)                            
Figure 2: Fabricated proof-of-concept magnet pair MHD 
thruster. (a) Top view of the thruster. (b) Experimental setup. 
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Halbach cylinder model 
Fig. 4 displays a parametric analysis of the 𝐵 field for the 

different design variables of 𝜆, 𝛾, and 𝛽. Fig. 4a simulated the 𝐵 
field at 10 μm ≤ 𝜆 ≤ 10 m in increasing increments of 100.1 for 
parametric values of 𝛽 with 𝛾 = 1000 (to approximate an infinitely 
long cylinder) to observe how the 𝐵 field changes with inner radius. 
Analysis of the graph showcased that 𝐵 was constant within the 
microscale range (10 μm to 1000 μm). The 𝐵 field was then 
simulated for 1 ≤ 𝛾 ≤ 30 in increasing increments of 1 for parametric 
values of 𝛽 as 𝜆 was kept at 10 μm to observe the change in 𝐵 field 
with length (Fig. 4b). The simulated data revealed that the 𝐵 field 
increased initially when 𝛾 increased but then approached a steady-
state value. Because the 𝐵 field is constant at microscale and 
approaches a steady-state value with increasing length, 𝛽 was varied 
to evaluate 𝐵 and its results were compared to the analytical 𝐵 field 
values obtained via Eq. (6) (Fig. 4c). The results indicate that the 
simulated 𝐵 field values are consistent with Eq. (6) and correspond 
to the steady-state 𝐵 field values in Fig. 4b. 

 
Magnet pair and Halbach cylinder thruster comparison 

A magnetic field and fluid velocity comparison between the 
magnet pair and Halbach cylinder thrusters is presented in Fig. 5. 
Fig. 5a demonstrates that an increased 𝐵 field is achieved when 
replacing the proof-of-concept magnet pair configuration from  
Fig. 1a with a potential microfabricated Halbach cylinder 
considering an equivalent magnetic volume from Fig. 1b. A 600 mT 
increase in the 𝐵 field produced by the Halbach cylinder 

configuration translates into a ~191 mm/s maximum exit velocity 
increase for the Halbach cylinder configuration (Fig. 5b). Therefore, 
using a Halbach cylinder in replacement of a magnet pair for MHD 
propulsion is beneficial in achieving higher mean exit velocities. 

The magnet pair configuration and Halbach cylinder 
configuration simulation models for the scaling analysis showcase 
that each thruster can provide forward motion if microfabricated, but 
the Halbach cylinder configuration provides a notable increase in 
propulsion than the magnet pair (Fig. 6). Eq. (5) and (6) were used 
to evaluate the thrust and drag of each size and configuration by 
varying 𝑢ஶ. Because thrust decreases and drag increases with 
increasing 𝑢ஶ, a steady-state condition (or cruise condition) is 
reached when thrust is equal to drag. Solving for 𝑢ஶ at this condition 
yielded the maximum thruster velocity (𝑢ஶ|௠௔௫), or maximum 
velocity that a thruster can move at.  

For all graphs, the Halbach cylinder provides a consistent 
increase of 𝑇଴/𝑊 and 𝑢ஶ|௠௔௫ with respect to the magnet pair 
configuration, indicating that this configuration will always provide 
superior MHD propulsive characteristics. Analysis of the data 
indicates that 𝑇଴/𝑊 increases up to a maximum of 0.12 and 0.056 
for the Halbach and magnet pair configurations respectively but 
begins to decrease beyond that (Fig. 6a). This indicates that an 
optimum size for building the most powerful Halbach cylinder or 
magnet pair MHD thruster exists and is around 𝜆 = 10-3.9 μm. An 
examination of Fig. 6b displays that 𝑢ஶ|௠௔௫ for thruster movement 
at this size and mass is ~21.5 mm/s and ~12 mm/s for the Halbach 
cylinder and magnet pair configurations respectively.  

 
Magnet pair MHD thruster characterization 

Here we demonstrate that a MHD thruster at small scales is 

 
Figure 3: Magnetic flux density (B) simulation for the magnet 
pair at different gap distances. 

 
                           (a)                                             (b) 
Figure 6: Scalability analysis for the MHD thruster. (a) Static 
thrust-to-weight ratio (T0/W) of the magnet pair and Halbach 
cylinder (β = 2, γ = 1) MHD thruster configurations. 
Simulations valid for 3 V. (b) Maximum velocity (u∞|max) of each 
thruster configuration at 3 V. Definition of λ (inset). 

 
                      (a)                        (b)                           (c) 
Figure 4: Magnetic flux density (B) simulations with respect to 
λ, γ, and β for a Halbach cylinder. (a) Simulation for 
10 μm ≤ λ ≤ 10 m parametric with β (2, 6, and 10). (b) 
Simulation for 1 ≤ γ ≤ 30 with λ = 10 μm parametric with β (2, 
6, and 10). (c) Analytical and simulated values for 1.1 ≤ β ≤ 10. 
Halbach cylinder concept and dimensions (inset). 

 
                       (a)                                                    (b) 
Figure 5: Multiphysics simulation of the magnet pair and 
Halbach cylinder (β = 2, γ = 1). (a) MHD thruster 
configurations with B color plots in the nozzle area. (b) 
Projection of the fluid exit velocity profiles across the nozzle y-
axis (dotted line between electrodes). 
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reasonable and present its functionality within microfabricated 
ranges (Fig. 7). The proof-of-concept magnet pair MHD thruster 
drove water at a mean nozzle exit velocity of 51.4 mm/s with a 
current value of 174.27 mA and an applied voltage of 11.1 V (Fig. 
7a). The nonzero mean exit velocity value demonstrates that the 
MHD concept applies at microfabricated ranges.  

For the experimental analysis using a triangular input signal, 
current values begin below or near zero, as seen with the orange data 
points, and start to steadily increase in a linear fashion between  
1 V and 1.5 V as seen with the blue data points (Fig. 7b). The 
standard-state potential of the oxygen oxidation reaction at the 
anode is 1.229 V, which correlates to the voltage at which the 
current values begin to become fully positive. Therefore, MHD flow 
can only be consistently activated above 1.229 V, which results in a 
linear relationship between current and voltage for the proof-of-
concept device setup. 

 
CONCLUSIONS 

Comparison of the fabricated magnet pair thruster with a 
potential microfabricated Halbach cylinder configuration 
demonstrated a ~90% increase in 𝐵 field and a ~54% increase in 
nozzle exit velocity. A maximum  𝑇଴/𝑊  of 0.056 and 0.12 for the 
scaled magnet pair and Halbach cylinder configurations respectively 
indicate that 𝜆 = 10-3.9 μm is the most optimal size, which results in 
a maximum thruster velocity of ~12 mm/s and ~21.5 mm/s 
respectively. Experimental analysis of the fabricated model 
showcase that the MHD concept is feasible at small scales and that 
the electrical relationship between current and voltage is linear 
above the standard-state potential of the oxygen oxidation reaction. 
Results presented in this paper demonstrate that MHD propulsion 
for microrobots is feasible and that using a Halbach cylinder in 
replacement of a magnet pair will greatly increase nozzle exit speed, 
thrust, and thruster velocity. Microscale MHD propulsion is 
possible, reasonable, and promising for increased autonomous 
underwater mobility of microrobots. Future developments in thin 
film magnetic materials and selective patterning of those films (such 
as the ones proposed by [15]) will enable this promising technology 
to increase microrobot autonomy.  
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 (a)                                                 (b) 

Figure 7: MHD experimental results. (a) Frame-by-frame 
analysis of the MHD flow stream dye at 11.1 V. (b) Electrical 
characterization of the copper wire electrodes in 50 mS/cm 
saltwater.  
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