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Introduction

The use of magnetic levitation based technology has 
gained significant popularity in the recent years because 
of its various potential applications ranging from giant 
magnetically levitated trains to miniature sensors for motion 
sensing applications.1 The popularity and engineering 
applicability of magnetic levitation are because of a number 
of factors such as frictionless actuation, higher efficiency, 
reduced maintenance cost and enhanced system in life.2 A 
plethora of research is available wherein magnetic levitation 
based actuation is used in transportation industry,3 levitrons 
in toy industry,4 electromagnetic suspension5 and launching 
rockets from space research.6 However, the use of magnetic 
levitation technology for actuation of shorter and precise 
trajectories, which could be used in the area of robotics and 
manufacturing, still remains unexplored.

In computer numerical control (CNC) manufacturing 
and micromachining, till date, conventional linear translation 
stages are used to generate the desired trajectory between 
the tool and the workpiece. Linear translation stages have a 
number of demerits such as bulky size, inaccuracy because of 
backlash and thermal effects, wear in the ball screws because 
of continuous friction and higher manufacturing costs, which 
make CNC machining and micromanufacturing machines 
expensive.7,8 Furthermore, to add one degree of freedom 

(DOF) to a CNC system, an additional linear translation stage 
is required. In order to alleviate the limitations related to the 
use of linear translation stages used in micromachining and 
to facilitate multi-DOF actuation using a single actuator, we 
present a new actuator using electromagnetic actuation of 
rare earth magnets placed over finely spaced copper wires 
coupled with magnetic levitation of pyrolytic graphite, which 
can generate two-dimensional interpolated trajectories and 
could be used for the CNC micromachining applications.

In this research, we demonstrate the design and 
development of an electromagnetic-magnetic levitation 
coupled 2-DOF actuator, which can generate forces of 
different magnitude based on the current flowing through 
the insulated copper wires on which a diamagnetic sheet of 
pyrolytic graphite was fixed rigidly. The generated forces 
were simulated using COMSOL software and were validated 
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Abstract

The paper presents design and development of a precision motion actuator, which can traverse required trajectory in the 
X–Y plane and can be used for micromachining applications using magnetic levitation based technology. A glass-reinforced 
epoxy laminate sheet with micromachined holes in the horizontal and vertical direction with copper wires placed vertically 
and horizontally was used for actuation of rare earth magnets wherein a pyrolytic graphite sheet was fixed over the copper 
wires. The diamagnetism of pyrolytic graphite sheet coupled with electromagnetic field generated because of the current 
passing through the copper wires led to levitation and actuation of the rare earth magnet over desired trajectory. COMSOL 
Multiphysics (COMSOL Inc., Burlington, Massachusetts, USA) simulation was conducted in order to simulate the forces 
generated by the developed actuator. Thereafter, the forces generated by the actuator with current flowing through the wires 
were measured using a dynamometer where the error was limited within 2%. An acrylic sheet was fixed over the actuator 
and laser micromachining was conducted with trajectories traversed by the actuator. Scanning electron microscope results 
of the machined samples confirmed that feature sizes in the range of 200–300 micron could be generated. This proves the 
potential of the developed actuator for micromachining applications.
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using a dynamometer. The trajectory actuated was used for 
laser-based micromachining to demonstrate the applicability 
of such actuator in micromachining applications.

Existing literature

Though literature pertaining to magnetic levitation based 
actuation for various applications such as magnetically 
levitated trains, electromagnetic suspension system and 
launching rockets is available, very few pieces of literature 
focus on its applicability for robotic actuation. Furthermore, 
to the best of our knowledge, research on magnetic 
levitation based actuation for micromachining is not found. 
Conventional magnetic levitation based approaches used giant 
coils such as Helmholtz coils and Maxwell coils for levitation 
and further actuation, which are bulky and sensitive making 
them unsuitable for micromachining or CNC applications. 
Modern approaches for magnetic levitation use thin sheets of 
diamagnetic materials such as pyrolytic graphite or bismuth 
for levitation of rare earth magnets.

Recent advances in magnetic levitation technology show 
levitation of pyrolytic graphite sheets over rare earth magnets 
and mapping of magnetic force fields for actuation of the 
graphite sheet over magnets.9,10 In all of these stated research, 
pyrolytic graphite sheet floating over magnets were actuated 
and not vice versa. Thin sheets of pyrolytic graphite levitated 
and actuated over magnets can be interesting to physicists; 
however, practical applicability of such system is limited as 
graphite sheets are very thin (100–1000 micron), fragile and 
hence can merely carry extra payload when actuated.

In order to use the interesting phenomenon of pyrolytic 
graphite-based magnetic levitation, so that such technology 
could be used for actuation and trajectory generation in 
micromachining, we developed an inverse set up wherein the 
rare earth magnet could be levitated over pyrolytic graphite 
sheet and can be actuated electromagnetically to traverse the 
desired trajectory. The results show that the developed system 
is suitable for micromachining applications.

Materials and methods

In this research, a rare earth magnet levitated over pyrolytic 
graphite sheet was actuated using current flowing through 
fine spaced copper wires, which could generate the desired 
trajectory for laser micromachining over polymers. The 
experimental set up, actuator force assessment and accuracy 
calculations are stated next.

Experimental set up

The experimental set up consists of a glass-reinforced epoxy 
laminated sheet on which holes were drilled at the sides with 
pitch spacing of 500 microns such that enamelled copper 

wires (magnet wire) could be fixed on the sheet in vertical 
and horizontal directions generating a grid-like structure. The 
diameter of microdrilled holes and the pitch spacing were 
verified using image of the drilled part under a microscope. 
The copper wires used in four different experiments had a 
diameter of 18, 20, 26 and 30 AWG (supplied by Techfixx 
company). The wires could be further imposed with currents 
individually and independently as desired. A constant current 
source delivering 12 V, 3.2 A to individual copper wire with a 
series resistor of 3 Ω was used to provide current to the wires. 
A switch circuit was developed in order to control currents 
through individual wire as per the required trajectory. A 
pyrolytic graphite sheet (Panasonic electronic components 
EYGS182307) with sheet thickness 700 microns was rigidly 
fixed over the grid. A sintered neodymium–iron–boron rare 
earth magnet supplied by Magcraft (Part No: NSN0591) was 
placed over the pyrolytic graphite sheet. The magnet had a 
diameter of 1.5 mm, surface magnetic flux density of 2103 
Gauss and mass 0.1 gm as specified by the manufacturer. 
The magnet levitates on the pyrolytic graphite sheet and on 
imposing current to the specified copper wire it traverses 
in the direction parallel to the plane of current-carrying 
copper wires. The experimental set up is shown in Figure 
1. The experimental set ups with four different varying wire 
diameter (30, 26, 20 and 18 AWG) were also fabricated in 
order to study the effects of forces on the magnet.

Figure 1. Experimental set up for the developed actuator: 
(a) Top view with pyrolytic graphite sheet and magnet fixed 
over copper wire grid. (b) Side view showing the layers in the 
sandwiched structure.
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Actuator force simulation and validation

COMSOL Multiphysics simulation for the forces generated 
on the magnet actuator was conducted in order to study the 
maximum forces, which could be generated using this set up. 
A COMSOL model with a wire and magnet at a height of 
0.7 mm above the wire was generated with air as a boundary 
condition for simulation. The height of 0.7 mm was used as 
the pyrolytic graphite sheet bears the same thickness. The 
parameters in the model such as wire diameter, wire pitch and 
magnetic flux density were emulated from the experimental 
set up. In COMSOL Multiphysics simulation governing 
equations which could calculate the static magnetic field 
owing to magnetostatics of a permanent magnet, magnetic 
field because of current-carrying wire and the forces because 
of the interaction of the fields because of magnet and current-
carrying wire were taken into consideration. The equations 
are summarized as follows.

The equation of magnetostatics can be described by 
Gauss’s magnetic law as stated in equation 1.

  ∇ ⋅ =
�
B 0  (1)

where 
�
B is the magnetic flux density.

The magnetic flux density inside a magnetic material 
is different from that of the free space because of the fact 
that magnetic material has a permanent or induced magnetic 
moment. We introduce a magnetization vector field 

�
M  

(property of the material) and a magnetic field intensity 
component 

�
H , which are related according to equation 2.

  
�

�
�

H
B

M= −m0

 (2)

where m0 is the magnetic permeability of the space.
That magnetic field intensity is irrotational, i.e., curl is 

equal to zero, which means that a scalar potential Vm  exists 
as presented in equation 3.

  
�

H Vm= −∇  (3)

When there is no free current and only magnetization vector 
field is taken into consideration, the Maxwell-Ampere’s Law 
can be written in a simplified form as equation 4.

  ∇ × −





= ∇ × =
1

0
0m
� � �
B M H  (4)

Combining equations 2, 3 and 4, we deduce equation 5 which 
consists of the scalar potential for modelling of the permanent 
magnet with no free currents (MFNC):

  −∇ ⋅ ∇ +( )( ) =m0 0V Mm

�
 (5)

Since the magnetic flux density has zero divergence in 
boundary normal pointing out from the surface, the boundary 
condition for MFNC is presented as equation 6.

  n̂ B⋅ =
�

0  (6)

The equation 5 governs the simulation procedure for the 
permanent magnet used in the simulation.

The modelling of magnetic field for a current-carrying 
wire (MFNC) is conducted as follows.

The Maxwell-Ampere’s Law is presented as equation 7.

  ∇ × = +
∂
∂

� �
�

B J
E
t

m m e0 0 0  (7)

where 
�
J  is the current density, 

�
E  is the electric field and ε0 is 

the permittivity of free space.
The Ohm’s law is written as equation 8.

  
� �
J E= s  (8)

where �J  is the conduction current density and σ is the 
electrical conductivity.

The Gauss’s Law infers that in the absence of free 
magnetic charges, the magnetic flux density is solenoidal or 
divergence free. Therefore, equation 9 prevails.

  
� �
B A= ∇ ×  (9)

where the vector field 
�
A is the magnetic vector potential.

Since the curl of the vector field 
�
A in the boundary 

normal pointing out from the surface is zero, the boundary 
condition for the current-carrying wire is as in equation 10.

  n̂ A× =
�

0  (10)

The force can be calculated from Maxwell stress tensor 
equation as an integral of the surface stress tensor over all the 
boundaries, which leads to equation 11.

  F n Sm

� ��
��= ∫ . Td  (11)

where

  ˆ ˆ ˆn H B n n H BT = − ⋅( ) + ⋅( )1
2

� � � �
′ (12)

In equation 11, n̂ is the boundary normal pointing out from 
the surface, T is the stress tensor of the air and 

�
B ′ is the 

transpose of 
�
B ′.

The torque t  can be measured using the point at which 
the torque is to be calculated, say at an arbitrary point r using 
equation 13.
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�
t = −( ) × ⋅( )r r n S0 ˆ T d ∮
�
t = −( ) × ⋅( )r r n S0 ˆ T d  (13)

where r0  is the initial torque rotation point.
The torque on a particular axis rax  can be measured by 

multiplying a unit vector in the direction of that axis as in 
equation 14.

  
� �
t tax

ax

ax

= ⋅
r

r  (14)

The governing equations from 1–14 are used in COMSOL 
simulation. The procedure for COMSOL simulation is shown 
in Figure 2.

In order to validate the magnitude of simulated forces, 
a rigid metallic link with nominal mass was attached with 
the magnet in the experimental set up. The magnet-link 
attachment was placed touching a dynamometer (Kistler make, 
type: 9256C2). The magnet-link attachment was actuated 
with current passing through the copper coils and the forces 
measured using dynamometer in X and Y directions were 
recorded. The current-carrying wire imparts electromagnetic 
force on the magnet residing on it in the direction as shown in 
Figure 3. As single wire is energized at a time and the wires are 
energized one after the other continuously, the magnet moves 
in the trajectory in accordance with the right hand thumb rule. 
The free body diagram of the levitated and actuated magnet is 
shown in Figure 3. The magnet is in a levitated state because 
of forces by the pyrolytic graphite sheet. The diamagnetic 
pyrolytic graphite sheets impart a force on the magnet 

�
Fl , 

which is represented by equation 15.11

  
�

�

F
M

D

x
l =

3

4

2
0

4

m
p

 (15)

where D d L= +2 ; d  is the distance between the magnet 
and the pyrolytic graphite sheet, L  is the length of the 
magnet, M  is the magnetic moment of the magnet and 
χ is the magnetic susceptibility of the pyrolytic graphite 
sheet. The gravitational force 

�
Fg must be less than 

�
Fl

 so that 
levitation is achieved. In the literature,12 it is evident that the 
rare earth magnets of mass less than a gram could easily be 
levitated over highly oriented pyrolytic graphite sheet. The 
electromagnetic force 

�
Fm actuates the magnet, whereas the 

inertial force 
�
Fi  retards its motion. Since the magnet is in a 

levitated state, the frictional forces are taken into account. 
The diamagnetic pyrolytic sheet induces very nominal force 
on the current-carrying copper wire. The force induced by 
the diamagnetic pyrolytic graphite sheet on a current-carrying 
wire was calculated using equation 15 where the magnetic 
moment 

�
M  was calculated using magnetic moment for the 

current-carrying loop equation as in equation 16, wherein L 
denotes the diameter of current-carrying wire, d = 0 as the 
wire is in contact with pyrolytic graphite sheet and χ is the 
susceptibility of pyrolytic graphite sheet equal to −4 × 10-4 
in this case.

Figure 2. Schematic diagram of the simulation process performed 
using COMSOL Multiphysics.

Figure 3. Dynamometer set up for measurement of forces  
generated by the magnet actuator along with the free body diagram.

  � �
M nIA=  (16)

where n is the number of loops, in this case n = 1, I is the 
current flowing through the wire, in this case, I = 3.2 A, and �
A is the area vector. The force exerted by pyrolytic graphite 
sheet on the current-carrying wire using equations 15–16 
was found as 0.6 mN, which was ~1000 times lesser than 
forces on the magnet by the current-carrying wire. Hence, 
this quantity was neglected in the simulation.

The set up used for measuring forces using a dynamometer 
and the free body diagram for the actuated magnet is shown 
in Figure 3.

Laser micromachining using the developed actuator

The actuator set up was fixed on a honeycomb breadboard 
and a chassis for holding a UV diode laser (Endurance 
Lasers make) with wavelength 445 nm and 2.1 W power 
was assembled. An acyclic sheet was rigidly fixed with the 
magnet actuator and laser micromachining was conducted 
by generating horizontal and vertical trajectories so that the 
laser ablation could render pillar structures over acrylic. 
Actuation of the magnet was conducted by passing currents 
through one copper wire at a time. The machined samples 
were investigated using field emission scanning electron 
microscope (FESEM) in order to evaluate the machining 
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resolution of the actuator. The developed set up is shown in 
Figure 4(a). The trajectory is generated by imposing current 
on the wires one by one in a sequence, and the sequence of 
activation is numbered in Figure 4(b).

Results and discussions

The force generated by the magnet actuator measured using 
a dynamometer and the results obtained using the COMSOL 
Multiphysics simulation for the experimental set up with 20 
AWG wire is shown in Figure 5.

Figure 4. (a) The laser micromachining set up using the developed 
actuator. (b) Sequence of current imposed on the individual wires 
and motion direction of the magnet actuator.

Figure 5. Results for forces generated by the developed actua-
tor. (a) Measured force using dynamometer. (b) Force simulated in 
COMSOL Multiphysics.

Table 1. Measured and simulated forces for experimental set up 
with different diameter.

S. No.
Wire gauge

(SWG)

Force obtained
(in simulation)

(N)

Force obtained
(using dynamom-

eter)
(N)

1 30 0.2 0.343

2 26 0.37 0.401

3 20 0.765 0.7767

4 18 0.832 0.8982

Figure 6. Microscope image of the microdrilled holes on epoxy 
laminated sheet.

Figure 7. The generated micropillars using the laser micromachin-
ing set up actuated by the developed actuator: (i) using optical mi-
croscope and (ii) using FESEM.

The forces simulated using COMSOL Multiphysics and 
the measured forces using dynamometer for the experimental 
set up with wires of different diameters are given in Table 1.

The microdrilled holes on the epoxy laminated sheet on 
which the copper wire grid was fabricated with programmed 
pitch spacing 500 micron and programmed hole diameter of 
800 micron (~20 AWG wire diameter) was seen under the 
microscope in order to verify the hole diameter and pitch 
spacing. The image is shown in Figure 6.

The drilled hole diameter (832.41 µm) and pitch spacing 
(484.12 µm) are in good concordance with the programmed 
values with hole diameter 800 µm and pitch spacing 500 µm.

The micropillars structure generated after laser 
micromachining on plastic sheet actuated using the developed 
structure as viewed using optical microscope (Olympus 
BX100 make) and FESEM is shown in Figure 7.
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The following could be inferred from the experimental 
set up and the experimental results.

1. The magnet actuator placed on the pyrolytic graphite 
sheet is in the levitated state and the friction between 
the magnet and graphite surfaces are nominal as found 
in Figure 5. The pyrolytic graphite sheet imposes 
forces perpendicular to the motion axis because of 
its diamagnetic property and levitates the magnet in 
vertical direction eliminating forces because of friction, 
whereas the forces of actuation in the horizontal 
direction are generated using currents imposed on the 
wires. The force simulated in the COMSOL software 
while the wire mesh was energized by the current was 
0.765 N. The force measured using dynamometer was 
0.7767 N. The maximum percentage error is 1.52%, 
which proves the fact that the magnet actuator is not 
in direct contact with the graphite sheet and frictional 
forces are nominal.

2. The wire pitch used in the experiments was 500 
microns and the wire diameter was 26 AWG (812 
microns). The micropillars generated using the 
actuator bear footprints in the range 100–300 
microns (Figure 7). This demonstrates the fact that 
the system is capable to actuate motion in the range 
of micrometres. In addition, the results in Table 1 
show that the forces drastically reduce on using 
wires of lesser diameter. This is because of lesser 
current-carrying capacity and lesser magnetic forces 
generated by a thin wire as compared to thick one.

3. The developed actuator is suitable for micro-
machining as demonstrated in Figure 7 wherein 
micropillars with dimensions in 200–300 micron 
range could be generated by actuation of the magnet 
actuator in X and Y direction dexterously by 
imposing currents on the wire mesh. In addition, the 
generated micropillars have uniform dimensions, 
which prove the motion precision of the actuator 
as confirmed from the SEM images. The optical 
microscope image (Figure 7(a)) shows similar 
results, though the gap between the individual pillar-
shaped structures is not visible.

Conclusions

In this research, we demonstrate an affordable X–Y plane 
actuator, which uses magnetic levitation of pyrolytic graphite 
coupled with electromagnetic based actuation to steer a 
given payload precisely in the micrometre range in the X–Y 
plane simultaneously. The developed actuator is suitable for 
micromachining applications wherein the payload is small and 
contact forces between the cutting equipment and the workpiece 
are low as demonstrated in this work for laser micromachining.

The set-up has a huge number of industrial and research 
applications such as in AFM-based patterning over polymers, 
laser-based patterning to generate different types of patterns 
and surfaces in micrometre scale range. In contrast to the 
conventional linear translation stages which can provide 
long travel lengths with poorer straight-line accuracy or 
piezo actuators which can provide smaller travel lengths 
with higher straight-line accuracy, the developed actuator can 
generate accurate travel over long travel lengths. Because of 
nominal frictional forces among the components and better 
controllability of the actuation, the developed actuator has a 
promising role in micromachining applications.
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