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The magnetic susceptibility of pyrolytic graphite (PyG) is temperature dependent. Under an external magnetic field, a levitated
PyG sample with a localized temperature change experiences unequal diamagnetic forces. In this paper, we present a study of the
macroscale optomechanical displacement of a levitated PyG sample by using a laser source to locally increase the temperature.
Dynamic finite-element method simulations show that a localized increase in the sample temperature, simulating a laser source,
decreases the diamagnetic force in that local area, leading to the displacement of the PyG sample in the plane of the permanent
magnet array. Experimental setups built using different laser sources and samples confirm the range of applicability of the actuation
phenomenon to different conditions. An additional setup without moving parts reduced the likelihood by which airflow could have
caused the displacement, as we suspect happened in the previous studies.

Index Terms— Diamagnetic levitation, optomechanical actuation, pyrolytic graphite (PyG).

I. INTRODUCTION

PTOMECHANICAL actuators have gained renewed
O interest in the past decade. Nanoscale devices that
exhibit mechanical displacement or a change in shape when
illuminated by light have been designed [1], [2]. A comprehen-
sive review of the optomechanical effect can be found in [3].
Optomechanical actuation using diamagnetic materials has not
been deeply investigated in the literature.

The magnetic susceptibility of certain diamagnetic materials
changes photothermally because of the increase in the number
of thermally excited electrons. Several studies have presented
various forms of actuation by exploiting the diamagnetic
properties of pyrolytic graphite (PyG) [4]-[6]. A microma-
chined graphite rotor was levitated over an array of concentric
permanent magnets setup consisting of an outer cylindrical
magnet with a hollow center and an inner cylindrical magnet
of the opposite polarization [7]. The rotation of the graphite
rotor resulted from air flowing from a needle-thin gas nozzle
to spin the rotor. A viscometer composed of a free-spinning
graphite disk over top the magnet array was presented [8].

A limited number of studies have used the temperature-
dependent diamagnetic properties of PyG to achieve mechani-
cal displacement. The use of a laser beam as an ON/OFF switch
for a possible maglev system using PyG was proposed [9].
Rather than directly irradiating the PyG sample, a temperature-
dependent ferrite was laser heated causing the PyG sample to
move toward it [10]. The weakened magnetic field around the
heated ferrite caused the graphite sample to move toward the
ferrite, but not through direct irradiation. Microscale vertical
displacement of PyG irradiated by laser powers between
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20 mW and 1 W was proposed as a method for sensing the
laser power magnitude [11].

The first reported effort to harness the photothermal change
in the diamagnetism of PyG to achieve macroscale displace-
ment used a 405 nm, 300 mW laser to control the horizontal
displacement of a 150 um-thick 3 mm-diameter PyG disk,
reaching a maximum velocity of 45 mm/s [12].

In this paper, we present a detailed study of the macroscale
optomechanical response of PyG levitated on a 12 x 6 array of
6.35 mm x 6.35 mm cylindrical NdFeB permanent magnets of
alternating polarity. The PyG samples, acquired from different
sources, exhibit temperature-dependent magnetic susceptibil-
ity. Optical components are used to focus the laser beam on
a specific location on the PyG sample to create a tempera-
ture gradient leading to unbalanced levitation and horizontal
displacement.

Initially, the setup in [12] was replicated and horizontal
displacement was achieved but not because of the sought-
after reason. We discovered that the airflow from the cooling
fan attached to the heat sink housing was the primary reason
for the displacement of the sample, concealing the effect
of the laser irradiation on the local temperature. When our
replication of the setup in [12] was modified only by blocking
airflow from the fan attached to the laser, no displacement
was observed with the laser powers and sample dimensions
reported. Our subsequent experiments focused on eliminat-
ing the unintended airflow and to present the first detailed
study of the optomechanical displacement of diamagnetically
levitated PyG. We used various laser types, wavelengths, and
powers, without fan attachments, to displace two different PyG
samples levitating above permanent magnet arrays. Finite-
element method simulations are presented in Section II-C
to support the proposed concept of actuation described in
Section II-A. Due to difficulties in mesh development for very
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Fig. 1.
characterize the optomechanical response of a magnetically levitated sample
of PyG.

Schematic of a typical experimental setup used in this paper to

thin PyG samples, the dimensions used in the simulations
do not match the specifications for the experiments reported
in Section III. However, the results of the simulations using
scaled laser powers and thicknesses confirm the proposed gen-
eral concept explaining the observed optomechanical effect.

II. DEVICE DESIGN
A. Concept

Diamagnetic materials develop negative magnetic moments
opposing externally applied magnetic fields. PyG exhibits the
greatest diamagnetism by weight at room temperature and has
been used in levitation applications since 1966 [13]. In the
presence of strong magnetic fields, PyG samples can easily
attain stable levitation at room temperature with no power
consumption.

The diamagnetic force Fy induced by an external magnetic

field is given by
Fd:///V(B-M)dV (1)

where B is the magnetic flux density through the volume V,
and M is the magnetization given by

M= yH 2)

where H is the magnetic field strength and y is the volumetric
susceptibility. For a vertically stable levitation, the magnetic
force is equal to the gravitational force F, leading to

xV

Ho
where g is the gravitational constant, and m and V are the
mass and the volume of the diamagnetic sample, respectively.

A slight tilt can be induced in a PyG sample when its
magnetic susceptibility is locally altered by a local change in
sample temperature. Laser irradiation can be focused on a cer-
tain spot on the sample to induce the local temperature change,
as shown in the schematic experimental setup in Fig. 1.

The local imbalance of gravitational and diamagnetic forces
results in a moment that induces a tilted position at which
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Fig. 2. Schematic showing PyG (black sample) levitating above a permanent
magnet array (gray blocks). Laser irradiation localized to one end of the
graphite results in an imbalance between the anisotropic diamagnetic force F
and the gravitational force Fg due to the temperature dependence of the
former. The imbalance of the volumetric forces results in a tilt in the graphite
sample. The use of multiple arrows to depict each of the forces illustrates the
non-uniform force distribution resulting from the localized laser heating.

the local gravitational and diamagnetic forces are balanced.
Consider the schematic in Fig. 2. Prior to exposure to a
heat source, the z-axis is perpendicular to the plane of the
sheet and is the primary axis of magnetization. With a local
variation in the susceptibility and a resulting tilt, the primary
axis of magnetization remains normal to the plane of the PyG,
which is no longer parallel with the z-axis. This shift in the
magnetization axis results from the anisotropy of susceptibility
of PyG, in addition to its temperature dependence. PyG is
significantly more diamagnetic in the direction normal to the
surface of a PyG sheet than parallel to the surface. Therefore,
the resulting diamagnetic force on a PyG sheet with an induced
tilt has x-, y-, and z-component. The x- and y-component of the
diamagnetic force result in translational movement of the PyG.
Laser heating is well suited to induce this translational move-
ment because the applied heat is localized and can be precisely
controlled while avoiding physical contact that would restrict
any resulting motion.

B. Pyrolytic Graphite

Two commercial PyG materials with superior in-plane ther-
mal transport properties have been used in the experiments
presented in this paper. The first material is a 1 mm-thick
rigid pyrolytic graphite disk (PGD) from Goodfellow Corpo-
ration. The second one is a 25 um-thick flexible pyrolytic
graphite sheet (PGS) from Panasonic. Their in-plane thermal
conductivities and densities are 1.6 and 0.3 kW/(m - K) and
2.2 and 1.90 g/cm?, respectively. PyG exhibits large diamag-
netism with a relative permeability of 0.9996 and a magnetic
susceptibility y = —4x10~*. The measured magnetic moment
per unit mass of the two samples under an external magnetic
field of 0.5 T applied perpendicular to the plane of the sample
shows a decreasing negative susceptibility with increasing
temperature as shown in Fig. 3.

C. Simulations

Finite-element simulations were carried out in COMSOL
Multiphysics in order to improve understanding of the dynamic
interplay of the thermal and magnetic physics underlying the
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E, The diamagnetic force is derived from (1) and is imple-
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Fig. 3. Measured magnetic moment per unit mass versus temperature for two
PyG samples under an external magnetic field of 0.5 T. The measurements
were done using a vibrating sample magnetometer. The masses of the PGS
and PGD samples measured were 0.0015 and 0.057 g, respectively.

actuation phenomena and confirm the conceptual explanation
for displacement due to incident laser radiation. The simula-
tions serve as a foundation for future design of optomechanical
actuators based on photothermally varying diamagnetism. For
simplicity in the development of a conceptual model, thin lay-
ers have been avoided, and input laser powers and permanent
magnet strengths have been scaled upward accordingly.

The simulation geometry features a three-layer, 2 x 2 array
of 20 mm x 20 mm x 3 mm NdFeB rectangular magnets
arranged in an opposite neighboring poles configuration along
the xyplane. A 1 mm-thick 15 mm x 15 mm PyG sample
is centered above the array at an arbitrary height of 0.8 mm.
The model geometry is completed by a spherical domain of
air with a diameter of 200 mm and a spherical shell domain of
infinite elements with a thickness of 10 mm. The last domain
improves the computational efficiency of the simulation.

The magnetic phenomena are modeled using COMSOL
ac/dc’s magnetic fields no currents module. A magnetic rema-
nence of 2 T is assumed for modeling purposes for each
NdFeB magnet. The graphite sheet is modeled as a magnetized
solid domain, where the magnetization M is computed as
in (2). The susceptibility y is defined as a temperature-
dependent function with differing values in the direction
normal to the face of the sheet () and parallel with the
sheet (y|). This anisotropy in the susceptibility of PyG is
based on [14], [15], and the temperature dependence of the
susceptibility was experimentally verified. Susceptibility is
modeled according to the following functions:

x1x10® = —743 4T “)
2 x 108 = =135 4+ 0.25T 5)

where T is the temperature in Kelvin and y is unitless (SI).

Due to the anisotropy of the susceptibility, the magnetization
is computed within the material frame for the model and
recomputed within that frame when motion is simulated.
However, the magnetization of the sample is available in the

n=ff %(BXMX +BMy + B MY (T)
£ = /// diZ(BxMx + ByMy + B.M)dV. (8

The computation of x- and y-directed forces is necessary to
model the translational components of the diamagnetic force
that come into effect after a tilt in the graphite is initiated
by a localized decrease in the diamagnetic force opposing
gravity. Gravity is also applied as a body force within the
solid mechanics module and is calculated from the dimensions
and the density of the graphite sample which is modeled as
1.9 g/em?.

Laser heating of the graphite is implemented using
COMSOL’s heat transfer in solids module. A deposited
beam power with a Gaussian profile is arbitrarily modeled
as sweeping across the surface of the graphite at a speed
of 10 mm/s. For conceptual purposes, a beam power of 100 W
is used. Thermal conductivity of graphite sheet is modeled as
1000 W/m-K in the x-and y-direction and 700 W/m-K through
the thickness of the graphite. The heat capacity is modeled as
a constant 1 J/g - K.

To enable simulated displacement of the graphite, a Mov-
ing Mesh module is implemented in COMSOL with a pre-
scribed mesh displacement deriving from the displacement
field calculated in the Solid Mechanics module. The entire
simulation is coupled together by the temperature response
to laser heating input, the temperature dependence of the
magnetic susceptibility, and the displacement resulting from
a magnetization-dependent force. Time-dependent simulation
results successfully demonstrated both stable levitation and
optomechanical actuation of the described simulation setup as
a result of laser heating as shown in Fig. 4.

The simulation results exhibit some ringing of the vertical
position of the graphite at the start of the simulation and a
small net increase in its levitation height above the magnet
array relative to the arbitrary levitation height initially set in
the model. This increase in levitation height is due solely
to an underestimation of the diamagnetic levitation force in
the initial model setup and demonstrates the correct levitation
modeling in the simulation. The translational effect is observed
in simulations after the laser beam strikes the surface of the
graphite and begins to translate. A small tilt is induced in the
graphite that continues to increase as the laser beam translates
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Fig. 4.  Simulation results from the top to the bottom at (a) t = 0 s,

(b) t =75 ms, (c) t = 150 ms, (d) r =225 ms, and (e) = 280 ms showing
graphite sheet actuation. Blue arrows are proportional representations of the
calculated diamagnetic force at the simulation time. Surface coloring of the
graphite sheet represents relative temperature on the graphite sheet surface,
which reflects the movement of applied laser heating from the center to the
right edge of the sample over time. Maximum temperature is 362 K, and
the minimum is 326 K in (e). Local decreases in the diamagnetic force with
increasing temperature and the shift in the magnetization axis are observable.
The resulting rightward displacement of the sample (amplified by a factor
of 3) is shown along with the starting position of the sample.

closer to the edge of the graphite. The resulting translational
motion is of the same type as that observed in experiments.

II1. EXPERIMENT

The first experiment was set up to replicate the study
in [12]. A 250 um-thick PGD sample moved smoothly using
a 405 nm, 500 mW laser diode. The laser, commonly used
by hobbyists for engraving applications, is housed within
a large heat sink with a cooling fan attached. Several lab-
grade lasers within the same power range but of different
wavelengths (638, 976, and 1064 nm) were tested and were not
successful in displacing the PGD sample. The 405 nm wave-
length was immediately presumed to be a necessary factor for
displacement, but the optical absorption of PyG was found
to exhibit very small wavelength dependence for wavelengths
above 400 nm (resonance occurs around 270 nm) [16]. Lasers
with 458 and 488 nm wavelength and power levels up to 2 W
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Fig. 5. 9 s sequence of infrared thermal images captured as a 975 nm,
330 mW laser is moving along the edge of a PGS sample from the left to the
right. The sample’s surface area is 12 mm x 12 mm, and the diameter of the
cylindrical permanent magnets is 6.35 mm.

were tested on the same sample and were also not successful
in causing displacement. Further investigation revealed that the
reason for the effortless displacement achieved in [12] is the
airflow from the cooling fan attached to the heat sink housing.

Realizing that the laser wavelength is not a determining
factor for achieving displacement, the focus was shifted to
developing or purchasing thinner samples and to use higher
laser power levels. The 25 um PGS samples were displaced
using Fiber—Bragg—Grating stabilized laser diodes with wave-
lengths and powers of 976 nm-300 mW, 975 nm-330 mW,
and 976 nm—500 mW. The PGD samples, sanded to 140 um,
were displaced using a tunable continuous wave (CW) argon
ion laser with wavelengths and powers of 458 nm-2 W and
488 nm-2 W.

Two experimental setups similar to Fig. 1 were built to
test the optomechanical response of PyG using various laser
sources and samples to confirm the range of applicability of
the actuation phenomenon to different conditions.

In the first setup, a 975 nm, 330 mW fiber-coupled laser
mounted on a manual translational stage irradiated a PGS
sample (7 mg, 12 mm X 12 mm x 25 gm). In the second
setup, a 488 nm, 2 W tunable CW argon ion laser irradiated a
PGD sample (30 mg, 13 mm x 13 mm x 140 gm) through a
mirror mounted on a manual translational stage and aimed at
the sample. The magnet array is comprised 12 x 6 6.35 mm x
6.35 mm cylindrical NdFeB permanent magnets of alternating
polarities with a maximum magnetic field of 0.5 T at the
surface.

At an incidence angle of 45° and 40° and a translational
speed of 8.5 and 10.5 mm/s for the first and second setups,
respectively, moving the laser along an edge of the sample
displaced it in the same direction as the movement of the
laser at an average speed of 7.7 and 18 mm/s, as shown in
the thermal images in Figs. 5 and 6. The large difference
between the translational speed of the laser and the sample
displacement speed is due to the “‘jerk-like” displacement of
the PGD sample.

The difference between the maximum and minimum sample
temperature is 10 °C and 30 °C for the PGS and PGD samples,
respectively, as shown in Figs. 5 and 6. This larger sample
temperature gradient results in a larger magnetic susceptibility
change which leads to a greater translational component of
the diamagnetic force in the plane of the magnet array,
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Fig. 6. 3 s sequence of infrared thermal images captured as a 488 nm,
2 W laser is moving along the edge of a PGD sample from the left to the
right. The sample’s surface area is 13 mm x 13 mm.
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Fig. 7. 1 s sequence of infrared thermal images captured as a stationary
488 nm, 2 W laser is irradiating a PGD sample through a 1 Hz optical chopper.
The sample’s surface area is 13 mm x 13 mm, and the diameter of the
cylindrical permanent magnets is 6.35 mm. Irradiating the edge of sample
for 0.5 s displaced it by approximately 6.35 mm. (a) + = 0 s laser ON.
(b) t = 0.5 s laser OFF. (c) t = 1 s laser ON.

compared to the PGS sample. A relatively low-power
laser (330 mW) was sufficient to displace the thin PGS sample,
but a higher power laser (2 W) was required to displace the
thicker PGD sample.

In order to avoid having airflow be part of the experiment,
as in previous studies, a simple experiment was set up with
no moving parts. The laser and mirror were fixed and a 1 Hz
optical chopper was used to irradiate the sample for an interval
of 0.5 s. Upon the first instant of irradiation on the edge of
the sample, a large sample temperature gradient is produced,
which displaced the sample to the next favorable minimum
magnetic field on the magnet array, as seen in Fig. 7(a). The
superior thermal properties of PyG dissipated the heat through
the entire sample, causing the sample to slow down [Fig. 7(b)]
and finally stop when the irradiation spot is in the center of
the sample [Fig. 7(c)].

Higher irradiation chopping frequencies lead to the sample
oscillating in place and never moving to the next point
of minimum magnetic field, suggesting the existence of a
resonance-like process connecting the laser power and chop-
ping frequency to the thermal properties of the sample.

It should be noted that several aspects of the experiment
have to work together harmoniously to achieve effortless
actuation. The tilt initiates the displacement but as the sample
moves the problem becomes more complex. The magnetic

field the sample is experiencing is changing and the geometry
is not tightly controlled. Future work will include using
computer-controlled translational fixtures to achieve repeatable
results and to further study the complexity of the resulting
movement.

IV. CONCLUSION

This paper presented a preliminary study investigating the
displacement of PyG levitated above a permanent magnet
array and irradiated by a laser source. An analytical expla-
nation was presented for this actuation phenomenon based
on the temperature dependence of magnetic susceptibility,
the anisotropy of the diamagnetic effect, and a subsequent
redirection of the diamagnetic force in PyG. The temperature
dependence of the diamagnetism of PyG was experimentally
verified. Successful levitation and actuation were observed in
two experimental setups using different samples, laser power
levels, and wavelengths to confirm the range of applicability of
the actuation phenomenon to different conditions. Unlike [12],
our experiments were designed to eliminate specimen dis-
placement due to unintended airflow and demonstrated that
while the optomechanical effect claimed in [12] was partly
verified, the required laser power for actuation was signifi-
cantly higher than that reported for PyG of similar dimen-
sions. Unlike previous simulations concerning diamagnetic
levitation [5], [9], [12], [14], our simulations are time depen-
dent and account for localized changes in diamagnetism.
Dynamic simulations are required to assess the transient
thermal effects of laser irradiation as well as the movement of
both the laser and the PyG sample.

The conceptual explanation and experimental findings were
supported by finite-element method simulations. Continued
simulation work aims to expand beyond conceptual confirma-
tion by tailoring modeling parameters to specific experimental
setups and predicting the combinations of materials, dimen-
sions, laser powers, and laser movements that will result in a
particular displacement.
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