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Abstract—This paper presents a compact 6-DOF (degree of 
freedom) maglev stage that levitates a platen of 0.212 kg and 
has nanopositioning capability over the linear travel range of 
300 µm. A controller was designed and implemented to 
stabilize the platen. The decoupling between the vertical and 
horizontal actuation forces was considered and taken care into 
controller. Various kinds of experiments were carried out to 
test the capabilities of the system. The experimental results 
show that the maglev device has a position resolution of better 
than 2 nm with a maximum velocity of 1 m/s and an 
acceleration of 30 m/s2. This positioner can carry an 
additional payload of 400 g to orient and position the object 
under nanopositioning precisely. The nominal power 
consumption is only 15 mW by each horizontal actuator, and 
320 mW by each vertical actuator. The potential applications 
of this maglev device include fabrication of nanoparts and 
their assembly, vibration isolation for delicate 
instrumentation, and microscale stereolithography. 

I. INTRODUCTION 
ANOPOSITIONING and nanomanipulation stages 
have been in high demands in the last decade. The 

manufacture of nanoscale devices and their manipulation is 
essential for the development of the next-generation 
nanotechnology. The miniaturization of existing 
manufacturing technologies requires a high-precision 
positioning stage for the manipulation and fabrication of 
nano-sized objects. The stage must be able to travel in all 
directions, and position and orient the object at the desired 
position with minimum error. This requires high accuracy, 
large travel range, and simultaneous generation of multi-
DOF motions and high control bandwidth. 

The most widely used nanomanipulation systems are 
scanning tunneling microscopes (STMs) and atomic force 
microscopes (AFMs). The STM has become a common 
interface for many manipulation systems [1−3]. However 
these devices have shorter travel ranges on the order of 100 
µm and can generate motion in the x-y directions with very 
small travel in the z direction. Most of these 
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nanomanipulation systems are based on the piezoelectric 
actuation technology [2, 4]. However, there are several 
technical challenges with piezoelectric actuators. (1) The 
accuracy is greatly influenced by thermal drift under 
temperature variation. (2) The hysteresis in the 
piezoelectric materials reduces the repeatability in 
positioning. (3) A slow creeping motion after a large 
voltage step results in a significant positioning error [5]. 
Besides piezoactuation systems, there are other types of 
positioners including a high-speed precision stage with 
0.69-nm resolution using a non-resonant-type ultrasonic 
motor [6]. However, the motion of this system is limited in 
only one axis. 

The magnetic levitation (maglev) technology is proved 
to be a novel solution for nanomanipulation. Advantages of 
the maglev technology include the following. (1) Due to 
absence of friction there is no need of lubricant or precision 
bearings. This reduces the manufacturing cost significantly. 
(2) The repeatability and resolution of the system is better 
due to the absence of backlash, stiction, and friction. (3) No 
additional moving parts for transmission of force lead to 
high-bandwidth control and higher natural frequency of the 
system. (4) The light moving-part mass leads to low power 
consumption. (5) It is compatible with clean-room or 
vacuum environments without particulate generation, 
which is highly suited for the nanotechnology and 
semiconductor manufacturing.  

A 6-DOF planar maglev stage with large planar motion 
capability was built and demonstrated with 5-nm rms 
positioning noise and 100-Hz control bandwidth by Kim 
[7−8]. A long range scanning stage is designed by Holmes, 
et al. for scanned-probe microscopy that is capable of less 
than 0.6 nm three-sigma of horizontal positioning noise [9]. 
This stage has a platen with a 12-kg mass floated in oil to 
enhance the disturbance rejection and to reduce power 
consumption. Hajjaji and Ouladsine built a nonlinear 
control model for long-range movement of a maglev 
system and tested it by real-time control implementation 
[10]. Shan, et al. applied robust nonlinear control to their 
multiple-DOF magnetic suspension stage and demonstrated 
the nanopositioning capability [11]. Jung and Baek 
designed and demonstrated a 6-DOF magnetically levitated 
positioner with self-stability for 5-DOF [12]. This 
positioner uses air core solenoid and permanent magnets.  

The maglev stage discussed here has significant 
advantages over the existing maglev devices as: (1) There 
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Figure 2: Schematic view of the stage with axes and force definition
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is only one lightweight moving part which has high natural 
frequency due to a stiff structure. (2) There are no parts 
made of iron so there is no heating due to eddy currents. (3) 
The moving part consists only of magnets, so there are no 
power-cables connected to it. This eliminates vibration on 
platen and avoids heat dissipation due to ohmic loss in the 
current-carrying coils.  

Figure 1 is a photograph of the maglev system we 
developed. This magnetic levitator has the minimum 
number of actuators necessary and sufficient for 6-DOF 
motion generation. Its specifications and dynamic 
performances include 0.212-kg moving-part mass, 2-nm 
precision in horizontal motion, 300-µm travel range, 1-m/s 
speed, 3-g acceleration, maximum payload mass of 400 g, 
higher than 90-Hz control bandwidth, and 15-mW power 
consumption per horizontal actuator in steady state. 

II. MECHANICAL DESIGN OF THE SETUP 
Figure 2 shows the schematic view of the mechanical 

configuration of the maglev system developed.  The 
triangular part in the center is the platen that is levitated 
with the help of 3 vertical linear actuators. Maintaining the 
stiffness high, the mass of the platen was reduced by pocket 
milling, leaving ribs on the edges and center. On the top 
surface of the platen there is a viscoeleastic passive 
damping layer covered by a constraint layer to damp the 
vibration from resonance. There are 3 sets of protrusions on 
the sides of triangular platen to hold six magnets for 3 
horizontal actuators. These magnets are surrounded by 3 
horizontal coils to complete the horizontal actuation 
scheme of x-y translation and rotation about z. On the three 
corners of the triangle on the bottom side there are three 
magnets attached with spacers. These magnets are 
surrounded by three vertical coils that are attached to base 
plate with coil holders. This set of coil and magnet forms 
three actuators and generates motion in the vertical 
direction. The bottom surface of the platen is bring used as 
the target of the capacitance gap sensors, so it has been 

ground to a surface roughness of 2.54 µm. Three plane 
mirrors are fixed on the sides of the platen by a 127 µm 
thick double-sided tape.  

The 6-DOF motion control is achieved by the 
application of forces on the platen by 3 vertical actuators 
and 3 horizontal actuators [13]. Three vertical axes are 
independently controlled by three vertical actuators and 
three horizontal actuators control the horizontal motions. 
Figure 2 shows the description of the directions of the 
various forces being applied by all the actuators. The 
experiments for the force corresponding to the position 
were carried out and optimal position of magnet inside the 
coil was found [14].  

In the magnetic actuators, each cylindrical 
neodymium-iron-boron (NdFeB) magnet with energy 
product (BHmax) of 0.4 MJ/m3 (50 MGOe) has the diameter 
of 11.684 mm and the height of 9.525 mm. The coils for 
the actuators are made up of single-build AWG#21 
(diameter = 0.724 mm) copper magnet wire with 179 turns 
each. The coils have the inner diameter of 12.2 mm, the 
outer diameter of 32.5 mm on average, and the height of 
9.55 mm. The resistance and the inductance of a coil are 
0.552 Ω and 0.5 mH respectively. A professional coil 
manufacturer, WireWinders, made the coils, and ensured 
the inner diameter tolerance to be better than 25.4 µm.  

 
 
 
 
 
 
 
 
 
 
 
 
 

III. DYNAMIC MODELING 
A solid model of the mechanical system was 

developed in Solidworks. The parameters required for 
system modeling were calculated with the help of the solid 
model. Due to absence of any kind of stiffness or damping 
forces this system has been modeled as a pure mass with 
the dynamic equation as  

F
dt

XdM =2

2          (1) 

where X and F are displacement and force vectors in the 3 
translational axes. Since the mass of the platen is 0.2126 
kg, the open loop plant system transfer function for open 
translation is 
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Figure 1: The 6-DOF maglev stage 
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Similarly for rotation 
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where, I refers to the moment of inertia around the 
corresponding axis. T refers to the torque around that axis.  

The inertia matrix, taken at the center of mass, 
obtained using Solidworks (the allocation of axes is shown 
in Figure 2) is given by:  
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with units in 10-6 × kg-m2. As the products of inertia are 
less than 3% of the moments of inertia, we neglect them in 
the present dynamic model. 

Translation and rotation in various axes is achieved by 
combination of forces by 6 linear actuators. The force 
transformation matrix was found to be  
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where fx, fy and fz are forces in x, y and z-directions and τψ, 
τθ and τφ are toques in rotation about ψ, θ and φ axes. The 
definitions of other various forces are shown in Figure 2. 

The lengths of physical dimensions are as follows: 
l1x: in the x-axis from actuator 4 to y-axis = 2.792 cm; 
l1y: in the y-axis from actuator 4 to x-axis = 1.516 cm; 
l2x: in the x-axis from actuator 5 to y-axis = 2.708 cm; 
l2y: in the y-axis from actuator 5 to x-axis = 1.516 cm; 
l3x: in the x-axis from actuator 6 to y-axis = 0.04152 cm; 
l3y: in the y-axis from actuator 6 to x-axis = 3.247 cm; 
l1z: from actuator 2 to the z-axis = 4.037 cm; 
l2z: from actuator 3 to the z-axis = 4.072 cm; 
l3z: from actuator 1 to the z-axis = 4.143 cm; 

 The force generated by the interaction between the 
permanent magnet and the coil current follows the Lorentz 
force equation, ∫ ×= dV)( BJf , where J is the current 
density flowing through the coil, and B is the magnetic flux 
density produced by the magnet. The details of this force 
calculation are given in [14]. 

The total vertical force with a nominal 1 A current in 
the three vertical coils is 2.52 N which is sufficient to 
levitate the platen mass of 0.212 kg against the gravity. The 
maximum coil current delivered by a power amplifier was 
set as 2.5 A, which can provide additional 1-g (10 m/s2) 
acceleration in the vertical direction and a 3.5-g 
acceleration in the horizontal direction. 

IV. CONTROL SYSTEM DESIGN 
The maglev system was designed so that the 3 vertical 

DOFs controlled by vertical actuators (z-translation and, ψ-
and θ-rotation) are decoupled from the 3 horizontal DOFs 
(x-and y-translation, and φ-rotation). Based on the dynamic 
model obtained, a continuous time lead-lag controller for 
each of the 6 axes has been designed using the MATLAB 
root-locus tool. The controller was designed with the 
damping ratio ζ as 0.7 and phase margin as 50° at cross 
over frequency of 50 Hz. To eliminate the steady state error 
a free pole was allocated at the origin. 
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The discrete-time model of the controller was found 
with sampling rate of 5 kHz by ZOH method 
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The controller for the three rotation have same pole-
zero location but the gain are different as 96.872 N, 54.575 
N, and 50.221 N for φ, ψ  and θ respectively.  

Due to the unmodeled dynamics in the system there are 
some couplings between vertical and horizontal modes. 
This effect can be observed clearly in figure 4(a)–(d). To 
compensate this modeling error, a feedforward decoupling 
compensation methodology was applied. The compensation 
torque equal to the output actuation force fx multiplied by 
the 3.3-mm moment arm was subtracted to cancel the 
perturbation in the θ-axis from the x-axis. A similar error 
torque correction cancels the perturbation in the ψ-axis 
from the x-axis. The experimental results after the 
application of this technique are shown in figure 4(e)–(h) 
that clearly shows a significant improvement in transitional 
behavior of the system. 

V. EXPERIMENTAL RESULTS 
Figure 3 shows small step responses and position 

noises in all six axes. As seen in the figure, the translational 
position resolution is better than 2 nm in x and y, and 25 
nm in z. The lower z-axis resolution stemmed from the 
larger capacitance sensor and A/D electronics noises. For 
rotational motions, the angular position resolution is about 
2 µrad for ψ  and θ, and 200 nrad for φ . Figure 4 provides a 
20-µm step response in x with the decoupling 
compensation developed.  Because of the abrupt change in 
acceleration, small-perturbed motions can still be seen in 
the other 5 axes. However, these perturbations die out 
quickly due to the controller actions in the other axes. 
Additional reference trajectories were used to demonstrate 
the nanoscale motion-control capability of the maglev 
stage. Figure 5 presents the test results of a square-wave 
motion with amplitude of 20 nm and a sinusoidal motion 
with amplitude of 50 nm. The periods of the reference 
commands were 800 ms and 1 s, respectively. The maglev 
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stage is capable of following fine commanded motion 
trajectories and maintaining the same noise level.  

VI. CONCLUSIONS 
Magnetic levitation is a very promising technology for 

the development of nanoscale positioning stages and other 
applications. The next-generation nanotechnology needs 
multi-axis motion generating devices with nano-level 
resolution like the one we have developed.  

In this paper we presented a novel deign of a 6-DOF 
maglev stage with large travel range and resolution of 2 

nm. This device shows better dynamic performance than 
other existing devices in numerous aspects with less weight 
and lower power consumption without iron parts or 
electrical connection to the moving part. The design of the 
stage with 6 single-axis actuators in a triangular 
configuration makes this device very compact. The 
dynamic analysis of the motion includes response of unit 
actuators along with their mutual coupling due to 
mechanical transmission.  
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Figure. 3: Various step responses in all six axes with step sizes (a) 20 nm in x, (b) 0.2 µm in z, (c) 10 µrad in θ, (d) 20 nm in y, 
(e) 10 µrad in ψ,  and (f) 1 µrad in φ. 
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Figure 4:  20-µm step responses in x (a)–(d) without, and (e)–(h) with the decoupling compensation. 
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The dynamic performance of the maglev system was 
shown through the step responses in all the 6 axes by a 
lead-lag controller. This device is capable of positional 
accuracy of 2 nm, maximum achievable velocity 

approximately 1 m/s and acceleration of 30 m/s2 (3 g) in 
horizontal directions and 10 m/s2 (1 g) in vertical direction. 
The nominal power consumed by vertical actuator is 320 
mW and by horizontal actuator is 15 mW.  
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This 3-D fine motion generation capability can be used 
in many applications such as rapid prototyping, precision 
machining, and precise positioning for microscopic 
observation of microstructures.  The other potential 
applications include telescopic microsurgery, assembly and 
packaging of micro-sized parts, and vibration-free delicate 
instrumentation. 
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Fig. 5: (a) 20-nm-amplitude square-wave motion in x. (b) 50-nm-
amplitude sinusoidal motion in x. The dashed lines represent the 
commanded input to generate the motion. 
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