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Abstract—The application described in this paper was pre-
sented as part of the Student Design Competitions at the
2017 IEEE Microwave Theory and Techniques Society (MTT-S)
International Microwave Symposium (IMS). The objective of our
particular branch of the aforementioned competition, sponsored
by the MTT-25 technical committee on RF-Nanotechnology, was
to develop an application for hand-held devices or personal
computers that could not only support instruction in the prin-
ciples and uses of electromagnetic theory as related to RF
nanotechnologies, but also be applied to solve specific design
problems. In what follows, an application capable of accurately
predicting the behaviour of an opto-mechanical environment will
be introduced, giving particular emphasis to the implementation
of the various bridging terms related to the coupled physics,
i.e. the electrodynamics and the continuum mechanics. In order
to provide an illustrative example, an original opto-mechanical
cavity has been designed, to evaluate the efficiency of the
phenomenon under investigation.

I. INTRODUCTION

The interfacing between optical cavities and mechanical
systems has given rise to a rapid development of cavity op-
tomechanics, which aims to confine light into small volumes,
by the means of an high-Q resonant recirculation [1], [2].
The purpose of an optomechanical system is to investigate the
interaction of light with a mechanical oscillator, and its higly
interdisciplinary nature leads to several potential applications
in various fields of research, expecially in quantum processing.
Although electromagnetic radiation has historically been the
primary experimental tool for controlling a quantum system
and for transmitting and distributing quantum information,
there is a growing interest in using acoustic or mechanical
waves for inspecting quantum control and on-chip quantum
communication of artificial atoms. Recently, experimental
and theoretical analyses have included coherent coupling of
Surface Acoustic Waves (SAWs) or mechanical vibrations
to superconducting qubits [3], SAW-based universal quantum
transducers [4], mechanical quantum control of electron spins
in diamond [5], phononic QED [6] and phonon-mediated spin
squeezing [7]. The most successful exploitation of mechani-
cal vibrations for quantum control, however, combines both
optical and mechanical interactions through phonon-assisted
optical or sideband transitions, as demonstrated in trapped
ions [8], [9] and, more recently, in cavity optomechanics
[10], [11]. Focusing on the latter, optomechanical micro-
cavities can also provide new functionalities, applications and
opportunities, beyond standard technology, owing to phonon

propagation, generation, and processing [12]. Such an appli-
cation would require low power consumption and, making a
comparison with pure nano electromechanical actuation, the
optical approach ensures fewer impedance mismatch issues.
Additionally, phonons are an excellent interface to coherently
transfer information, for instance, between microwaves and
optical photons, between magnons and photons, etc. In this
contribution, we present a fully-coupled numerical approach
which accurately predicts the optomechanical dynamics in
microstructured resonant cavities. The rigorousness of the
analysis is ensured by considering all the energy-transduction
contributes [13], summarized in Fig. 1. Radiation pressure and
electrostriction constitute the forces exerted by the electromag-
netic fields on matter, whereas the photoelasticity describes
the perturbation of the electromagnetic radiation caused by
the presence of the mechanical wave. Special considerations
are required for the so called moving boundary effect, i.e.
the boundary deformation caused by the space-time-varying
pressure field that perturbates the eletromagnetic boundary
conditions. Specifically, the Eulerian coordinates in which the
Maxwell equations are solved are not able to take into account
mechanical displacement, defined, in turn, in Lagrangian coor-
dinates. This limitation can be numerically significant in case
of micro- and nano-scale cavities. The Transformation Optics
(TO) [14], [15] method represents an elegant and efficient
solution to the just addressed problem. TO is a relatively recent
technique that can facilitate the design of a variety of optical
devices (lenses, phase shifters, deflectors, etc.) by deforming
the coordinate system, warping space to control the trajectories
of the electromagnetic radiation. Such alteration then turns
into a change of the electromagnetic material parameters such
as the permittivity ε and the permeability µ. For the special
case of optomechanics, in the next section, TO is used to take
into account the time-varying boundaries of the domain under
investigation [16], making it possible to consider the moving
boundary effect by the mean of a modified version of the
standard Helmholtz equation.

II. THEORETICAL FOUNDATIONS

Optomechanics arises from the combination between
continuum mechanical physics, a branch of mechanics that
studies the mechanical behaviour of materials modelled as
a continuous mass rather than as discrete particles, and
classic electrodynamics, governed by Maxwell equations. The



Fig. 1: Sketch of the four coupling contributes of an opto-
mechanical interaction.

foundations of the phenomen rely on the relation [17]

ω1 = Ω + ω2, (1)

where Ω is the mechanical frequency and ω1,2 are the optical
ones, respectively of the pumped and of the scattered light. Eq.
(1) states the exchange of energy between electromagnetic
radiation and the mechanical motion, also defining the
matching condition for the time-dependent source terms
that enter in the ruling equations of the physics of interest.
A general mechanical wave, wheter is it confined in a
mechanical cavity or free to propagate, is efficiently described
in terms of the displacement u, i.e. the deformation of a
considered elementary cell of the medium under investigation
with respect to the relaxation point. The displacement u
satisfies the conservation law of the linear momentum [18]

ρ0Ω2u +∇X · (FS) = −FRP − FES,V − FES,B , (2)

where ρ0 the mass density of the indeformed configuration, F
the deformation gradient tensor, S the second Piola-Kirchhoff
tensor and ∇X indicates the nabla operator expressed in
Lagrangian coordinates. The right-side of eq. (2) introduces
two of the four aforementioned coupling parameters of an
optomechanical phenomenon, i.e. the electrostriction and the
radiation pressure forces. The electrostriction is the tendency
of materials to become compressed in the presence of an
E-field. From a microscopic point of view, the electrostrictive
force acting on the molecule is given by

FES = −∇U =
1

2
ε0α∇(E2), (3)

where α is the molecular polarizability. As it can be easily
noticed, the force FES tends to push the molecule to the
region where the E-field is stronger. For numerical purposes
is convenient to split the electrostrictive force in two separate
contributes, the electrostrictive force acting on the whole
volume of the considered body and the electrostrictive force
acting only on the boundaries of it. Accounting then also for
the radiation pressure forces, the three terms on the right-side

of eq. (2) can be written as [19]

FES,V = fx
ES,V x̂+ fy

ES,V ŷ + fz
ES,V ẑ, (4)

FES,B = (σ1ij − σ2ij)nj , (5)

FRP = −1

2
ε0Et,1Et,2

∗(ε2−ε1)n+
1

2
ε0

−1D1,n
2(ε2

−1−ε1−1)n,
(6)

where the individual force components appearing in eq. (4)
are given by

fx
ES,V = −∂xσxx − ∂yσxy − ∂zσxz, (7)

fy
ES,V = −∂xσxy − ∂yσyy − ∂zσyz, (8)

fz
ES,V = −∂xσxz − ∂yσyz − ∂zσzz, (9)

and the components of the so called electrostrictive tensor σ
are defined as

σij = −1

2
ε2pijklEkEl, (10)

in which we find the strain-optic tensor pijkl. Two additional
mechanical quantities are now introduced: the effective mass
meff and the thermally-caused initial displacement u0. For
a non-ideal oscillating system, an effective mass meff has
to be considered, so that is possible to study the latter as
a simple harmonic oscillator. For any resonating mode of a
mechanical oscillator, a numerical estimation of the effective
mass is given by [20]

meff =

∫
ρ0|u|2dV, (11)

where the displacement u is made dimensionless by
normalizing it over its maximum value. At a given temperature
T the phonon occupation related to a particular resonant
mechanical mode can be estimated, in terms of an initial
displacement u0, as [21]

u0 =
4kBT

meffΩ2
. (12)

The effective mass meff and the resonant mode frequency
Ω clearly define the entity of the initial displacement u0: the
lower they are, the larger is the thermal displacement. For the
general case of an anisotropic and inhomogeneous medium,
the electromagnetic field can be efficiently described, as
usual, by means of the Helmholtz equation

∇2E1 = −µω1
2P1 =

µω1
2

2

∑
kl

ε2ijpijklεklE2, (13)

∇2E2 = −µω2
2P2 =

µω2
2

2

∑
kl

ε2ijpijkl
∗εkl

∗E1, (14)



opportunely split in its two harmonic components of interest
ω1,2. The term on the right-hand side of eq.s (13,14) introduces
the mechanical perturbation due to the photoelastic effect,
represented by the strain tensor εkl. Further investigations
are needed in order to take into account for the second
mechanical contribute to the electromagnetic field, i.e. the
moving boundary effect. In the full-wave simulator, Maxwell
equations are solved in Eulerian coordinates, that are not
automatically able to account the effect of the displacement
on the boundaries. Transmission Optics (TO) offers a valid
solution to overcome such a problem. In fact, by considering
the general formulation of the TO method, we have

ε
′

=
AA

detA
ε, (15)

µ
′

=
AA

detA
µ, (16)

where A is the Jacobian related to the desidered coordinate
transformation, the proposed procedure [16] replaces the
latter with the before introduced deformation gradient F ,
leading to

ε
′

=
FF

detF
ε = gε, (17)

µ
′

=
FF

detF
µ = gµ, (18)

where we defined g as the metric tensor, which is composed
by terms having different harmonics

g =
∑
n=−3

3
gne

inΩt. (19)

By eq. (15) and eq. (16), it is possible to take into account
both the photoelasticity and the moving boundary effects in
the Maxwell equations

−∇× Ẽ =
∂

∂t
(gµH̃) (20)

∇× H̃ =
∂

∂t
[g(ε+ ε0∆ε)Ẽ] + gσeẼ, (21)

then, it is straightforward to derive the corresponding
modified version of the Helmholtz equations for the
considered harmonics

∇×A
−1
∇× E1 − ω1

2CE1 =

= ω1
2[KE1 + (D + L)E2]− iω1∇× (A

−1
BH2) (22)

∇×A
−1
∇× E2 − ω2

2CE2 =

= ω2
2[KE2 + (D

∗
+ L

2
)E1]− iω2∇× (A

−1
B

∗
H1) (23)

Fig. 2: Snapshot of the graphic user interface of the developed
application. Four sections can be easily distinguished: The
Material Properties section, in which it is possible to specify
the physical characteristics of the sample taken into examina-
tion, the Geometrical Properties section, the Input Parameters
section, in which frequencies (both optic and mechanical) and
the laser input power are defined and the Evaluation & Results
section.

in order to derive a more elegant form of the equation, we
introduced the following second rank tensors:

A = g0µ,

B = g1µ,

C = g0ε,

D = g1ε,

K =
ε0
2

(g1∆ε
∗

+ g1
∗
∆ε),

L =
ε0
2

(g2∆ε
∗

+ g2
∗
∆ε). (24)

III. DESCRIPTION OF THE APPLICATION AND ITS GRAPHIC
USER INTERFACE

The Opto-Mechanical Cavities Simulator application we
propose has been developed in COMSOLTMMultiphysics. As
shown in Fig. 2, the graphic user interface can be split into
four sections, each one related to a particular aspect of the
design process:

• The Material Properties section incorporates all the elec-
tromagnetic (relative permeability εr, relative permittivity



µr and electrical conductivity σe), mechanical (Young’s
modulus E, mass density of the inderofmed configuration
ρ0 and Poisson’s ratio ν) and opto-mechanical (photoe-
lastic tensor pijkl) parameters of the material the cavity
is constituted from.

• The Geometrical Parameters section guides the user in
designing and optimizing the desired opto-mechanical
cavity. It is possible to engineer both the fundamental
(cavity length and the cavity width) and the advanced
(discontinuities and wings height curvature coefficients)
geometrical parameters.

• The Input Parameters allows the user to define the
desired frequencies, both optical and mechanical, relative
to particular resonating modes and the input power Pin

of the pumped laser.
• The Evaluation & Results section presents a list of sixteen

buttons in total, conceptually divided into three cate-
gories: the geometry visualization buttons, the evaluation
buttons and the result buttons. The geometry visualization
buttons shows the geometrical entities which are relevant
from a computational point of view, as the boundaries
in which the surface forces (i.e. the radiation pressure
and the boundary electrostrictive forces) are defined and
the volume in which the opto-mechanical coupling takes
place. The evaluation buttons allow the user to choose be-
tween three different studies: two eigenfrequency studies
defined for both the electromagnetical and the mechani-
cal modules, so that is possible to identify the various
resonances of the resonant cavity under investigation,
and one study which solves for the actual fully-coupled
opto-mechanical phenomenon. The result buttons display
the previously computed quantities of interest such as
the fields distributions and the opto-mechanical coupling
forces.

IV. EXAMPLES AND RESULTS

In this section we present an example in which the pro-
posed application has been used in order to design an opto-
mechanical cavity. The latter is composed of two optically
coupled silicon-based cavities, with possibly different, ge-
ometry controlled, coupling rates. The degeneracy of the
optical resonance of the individual cavities is broken by the
mutual coupling, when the separation d between the cavities
is reduced: for numerical purposes, different peak separations
are considered, by just changing the parameter d (highlighted
in Fig. 3). The corresponding frequency differences of the
un-degenerate resonances are then obtained. The values of
d are set by matching the above frequency difference with
the resonant frequency of a specific mechanical mode, as
stated in eq. (1). By considering a pumped power Pin = 200
mW , the optical and mechanical frequencies of the resonating
modes are f1 = 178.89 THz and fmech = 8.05 GHz.
The corresponding field distributions are shown in Fig. 4.
The effective mass meff and the initial displacement u0

associated to the chosen mechanical mode are, respectively,
1.44 · 10−16 m and 2.09 · 10−13 m. The reason why the

Fig. 3: Highlights of the parameters d, i.e. of the distance
between the two coupled opto-mechanical cavities. The latter
can be optimized in order to shift the two optical resonant
modes related to the two frequencies ω1 and ω2.

Fig. 4: Displacement field distribution of the enhanced me-
chanical resonating mode, with a mechanical isotropic loss
factor of ξ = 10−3 a), and norm of the E-field of the pumped
optic resonant mode b). In the latter, the electromagnetic
energy is well confined into the cavity, leading to high values
of the optical Q-factor (∼ 105) and of the E-field itself.

Fig. 5: Evaluation of the electrostrictive volume forces FES,V

(N/m3).



Fig. 6: Visualization of the boundary forces FES,B (Pa) a) and
FRP (Pa) b) for the slab-like section of the optomechanical
cavity. We can notice that the two coupling contributes,
coming from different physical phenomenon, may also be
opposite, leading to an attenuation of the overall coupling
effect.

opto-mechanical coupling between the two resonant modes
is quite high can be explained by just looking at the field
distributions. Their confinement occurs in the same area of
the opto-mechanical cavity, i.e. the two slab-like sections,
that considerably enhances the coupling coefficients. The bulk
force density FES,V is reported in Fig. 5, while the boundary
forces FES,B and FRP are shown in Fig. 6. It is evident that
the highest electrostrictive forces occurs in correspondence of
abrupt discontinuities.It is also noted that the OM interaction
cumulates over the whole length of the cavity.

V. CONCLUSIONS

A fully-coupled numerical approach that accurately predicts
the opto-mechanical dynamics in micro- and nano-structured
resonant cavities has been embedded in a COMSOLTM-
based application. Based on an original-design for an opto-
mechanical cavity, the quantities of interest such as the force-
like coupling contributes FES,V , FES,B , FRP and the field
distributions, both mechanical and optical, have been derived.
As a progress of the theoretical platform, the 2D-model will be
extended in a 3D environment. Moreover, a consistent version
of the model will be provided for the full-wave analysis in the
time-domain.
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