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Abstract: In this paper, the mechanical characteristics of a miniature optomechanical accelerometer,
similar to those proposed for a wide range of applications, have been investigated. With the help
of numerical modelling, characteristics such as eigenfrequencies, quality factor, displacement mag-
nitude, normalized translations, normalized rotations versus eigenfrequencies, as well as spatial
distributions of the azimuthal and axial displacements and stored energy density in a wide frequency
range starting from the stationary case have been obtained. Dependencies of the main mechanical
characteristics versus the minimal and maximal system dimensions have been plotted. Geometries
of the optomechanical accelerometers with micron size parts providing the low and the high first
eigenfrequencies are presented. It is shown that via the choice of the geometrical parameters, the
minimal measured acceleration level can be raised substantially.

Keywords: mechanical sensors; optomechanical devices; mathematical modelling; mechanical
characteristics

1. Introduction

Recently developed optomechanical accelerometers possess a number of qualities that
determine their wide usage. These qualities include high sensitivity (thermal acceleration noise
down to 55× 10−11 m·s−2/

√
Hz at 1 Hz [1]), immunity to electromagnetic interference [2], and

a wide spectral range of measured accelerations, namely from stationary to 15 kHz [3]. Another
important quality of such accelerometers is their ability to perform accurate measurements
without requiring calibration [3].

The main areas of optomechanical inertial and hybrid quantum inertial sensor appli-
cations can be outlined as follows [4]: search for dark matter and dark energy with atom
interferometry, the detection of gravitational waves, the monitoring of Earth’s gravitational
field over time and its rotation rate in three dimensions, and absolute measurements for
metrology. Such sensors are also used in geophysics for monitoring continental uplifts and
underground water movements, autonomous operations for space for monitoring large
areas during long interrogation times with a very high precision, and for civil engineering
applications, namely obtaining gravity signatures.

To appreciate the demanded operational parameters of the optomechanical inertial
sensors (OMIS), applications with a wide range of performance parameters should be
considered. According to the literature sources, a good candidate is space geodesy missions
providing gravity field mapping [5]. Measurements were performed for the very low
accelerations frequencies in the diapason from 10−5 Hz to 1 Hz. For this, a cold atom
accelerometer with a sensitivity of 6 × 10−10 m·s−2·t−1/2 (t is the averaging time) was
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used. There are also described measurements for gravity acceleration with much higher
resolution than from the satellite [6]. Measurements were performed in dynamic regime
from a ship. Another example of the very low acceleration measurements for gravimetric
purposes is described elsewhere [7]. The required characteristics were as follows: vertical
accelerations frequency equal to 0.15 Hz, their amplitudes were 1–10 m/s2, and precision
was below 10−5 m/s2. Acceleration measurements with the help of the developed mobile
atomic gravimeter were used to determine the tidal and seismic waves of distant earth-
quakes with increased sensitivity. The measured acceleration frequency was in the range of
0.1–10−6 Hz, sensitivity was not bigger than 37 µGal/

√
Hz (1 Gal = 0.01 m/s2), and the

provided long-term stability was better than 2 µGal. Mobile absolute gravity and density
distribution measurements with the help of a portable atom interferometry gravimeter
based on two-photon stimulated Raman transitions are described elsewhere [8]. Measured
acceleration frequency was close to constant, gain sensitivity equaled to 1.9 mGal/

√
Hz,

and the long-term resolution was 30 µGal. One more area using acceleration measure-
ments is orientation and position measurement [9]. For such investigations, six-axis inertial
sensors measuring the linear and angular acceleration were used. Measured acceleration
frequency lay in a range between 0.5 Hz and 33 Hz, with 131 LSBs/◦/s sensitivity and a
full-motion sensing range of ±2000◦/s (dps), allowing acceleration measurements within a
range of ±16 g [10]. Measurements of the accelerations with bigger frequencies, namely
100–1000 Hz, are necessary for navigational purposes [11,12]. For this, the required posi-
tional error, the gyroscope drift, the gyroscope random walk, and other parameters depend
on the specific application [13].

Lately, not only classical opto-mechanical accelerometers, but their more advanced
versions are used. Such accelerometers are applied to determine the position of the moving
vehicles without drift [14]. For this, a stable matter-wave interferometer hybridized with a
classical accelerometer was used. The interferometer provides measurements of the acceler-
ations with an up to 400 Hz frequency, with a stability of 10 ng after 11 h of integration. An
even higher frequency bandwidth for the measured frequencies is necessary for testing and
metrology [15,16], for example, with the three-axis accelerometer in setups for vibration
tests of the automotive lidars [13]. The required acceleration frequency range was from
6 Hz up to 2000 Hz and the acceleration range was from 9 m/s2 to 12 m/s2 in the vertical
direction. It is described also the usage of accelerometers for metrology measurements
in the frequency range from 0.1 kHz to 15 kHz is also described, as well as acceleration
amplitudes varying over two orders of magnitude [16]. It is underlined that due to the
fundamental nature of the intrinsic accuracy approach possible with the help of these
advanced optomechanical sensors, their area of usage could be extended further, including
force and pressure sensors [16].

It is known that the operational frequency range of an accelerometer should be much
less than its eigenfrequencies, i.e., the natural frequencies at which a mechanical system is
prone to vibrate [1,3]. The aim of this current research is to model the mechanical properties
of the proposed miniature optomechanical inertial sensor with micron-sized parts in order
to choose its parameters for different operational frequencies corresponding to different
areas of application.

2. Analytical Determination of the OMIS Mechanical Characteristics

As was mentioned above, optomechanical inertial sensors are used for the high pre-
cision measurement of acceleration. The most common ways to improve measurement
sensitivity and suppress the thermal noise are to lower the operation temperature or im-
prove the sensor design [17]. In this paper, a new design is analyzed. This design is similar
to the design of the sensor consisting of a cylindrical test mass held by a suspension system
of the six flexures [18]; this sensor is elaborated to diminish the thermal noise. The OMIS
acceleration measurement is based on the usage of a Fabry–Perot optical cavity in which
one of the mirrors is located on the test mass of the mechanical oscillator (MO) [1]. The pre-
cision and other parameters of an OMIS depend on the MO mechanical characteristics. To
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simplify the considered parameters, a MO can be presented as a simple harmonic oscillator.
The approximate equation for displacement of the MO test mass for constant acceleration
application can be written as follows [3]:

Z = a/ω2
0, (1)

where Z is the test mass displacement, a is the acceleration, and ω0 is the natural frequency
of the mechanical oscillator.

The resolution of the acceleration measurement is limited by the test mass thermal
fluctuations. When a simple harmonic oscillator is used as a model, minimal measured
acceleration above cryogenic temperatures is determined as follows [16,19]:

ath =

√
4kBTω0

mQ
, (2)

where Q is the mechanical quality factor, kB = 1.380649 × 10−23 J/K is the Boltzmann’s
constant, T is temperature, and m is the oscillator mass.

From (2) it can be seen how the mass, the quality factor, and the natural frequency
qualitatively influence the accuracy of the acceleration measurement. It follows from this
formula that to reduce the ath level, one needs to increase the value of a product m·Q and/or
decrease ω0. Usually, a decrease in ath is achieved by increasing the m·Q product. Further,
it will be shown that by choosing the OMIS geometric parameters, it is possible also to
achieve a decrease in ath by reducing ω0 without decreasing m·Q.

3. Numerical Modelling of OMIS Mechanical Characteristics

Figure 1a shows a photograph of the new miniature OMIS with micron-sized parts
and a one euro coin for scale. This geometry will be used in further modelling to analyze
the influence of the OMIS parameters on its main characteristics: the eigenfrequencies and
the quality factors.
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ics 5.6 was used. To consider the processes related to thermo-elasticity, such as the ap-
pearance of thermal expansion, the nodes “Viscoelasticity” and “Thermal Expansion” 
were activated as sub-nodes of the node “Linear elastic material” in Comsol Multiphysics 
5.6. To describe mechanical processes in the frequency domain in Comsol Multiphysics, a 
system of equations of motion with regard to damping is solved (for more details see [20]), 
considering the fastening of some elements and the character of the applied external in-
fluences. 

To assess the modelling accuracy, a comparison of the results for increasingly finer 
meshes was made. It was observed that relative differences between eigenfrequencies cal-
culated with meshes starting from “fine” or even smaller coincided to a difference of less 

Figure 1. (a)—photo of the OMIS model made from one piece of fused silica; (b)—OMIS model with
its parameter designations (Sout is the OMIS side surface over which it is considered fixed constrained
at the mathematical modelling).

For mathematical modeling of the mechanical processes in OMIS, Comsol Multiphysics
5.6 was used. To consider the processes related to thermo-elasticity, such as the appearance
of thermal expansion, the nodes “Viscoelasticity” and “Thermal Expansion” were activated
as sub-nodes of the node “Linear elastic material” in Comsol Multiphysics 5.6. To describe
mechanical processes in the frequency domain in Comsol Multiphysics, a system of equa-
tions of motion with regard to damping is solved (for more details see [20]), considering
the fastening of some elements and the character of the applied external influences.

To assess the modelling accuracy, a comparison of the results for increasingly finer
meshes was made. It was observed that relative differences between eigenfrequencies
calculated with meshes starting from “fine” or even smaller coincided to a difference of



Micromachines 2023, 14, 1865 4 of 12

less than 1%. As an additional check on the simulation parameters, they were applied to
the geometry found in [19] and yielded the same eigenfrequencies as was reported, with a
deviation of less than 1%.

Figure 2 shows the calculated distributions of the relative displacement magnitudes
within the vectors of the displacement fields (shown by red arrows) for the eigenmodes
corresponding to the first eigenfrequency: f 1 = 2.389 kHz (Figure 2a), the second one:
f 2 ≈ 4.95·f 1 = 11.83 kHz (Figure 2b), the third one: f 3 ≈ 8.53·f 1 = 20.367 kHz (Figure 2c),
and the last one: f max ≈ 22.2·f 1 = 53.056 kHz (Figure 2d). These calculations corre-
spond to the OMIS design, which we designate as the “base geometry” (see its photo in
Figure 1a). This OMIS has the following parameters: outer diameter Dout = 25 mm; OMIS
total thickness Hmax = 3 mm; thickness of the parts connecting the inner cylinder with the
fixed constrained outer cylinder (corresponds to the minimal dimension)—spring thickness
dmin = 200 µm; inner diameter of the central aperture Din =10.4 mm; and diameter of the
test mass dtm = 2.2 mm (designations are shown in Figure 1b).
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In order to compare the characteristics of the OMIS with a different design and
properties, a parameter such as quality factor (Q) can be used. This parameter cannot be
calculated analytically for the geometrically complicated systems, but it can be modelled
numerically in Comsol Multiphysics 5.6 considering viscoelasticity, which represents a loss
factor damping [20]:

Q = Im(λ)/2Re(λ),

where λ = −jω is the eigenvalue; f = −λ/2πj is the eigenfrequency; j = (−1)1/2; and Re and
Im are the real and the imaginary parts of λ that becomes a complex number when the
damping is introduced.
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It is assumed that the used material possesses isotropic linear elastic properties and
the generalized Maxwell model [20] was used for its behaviour description. Because of
non-accounting of the other factors influencing the damping and the Q level (such as the
surrounding medium, temperature, imperfections of the used materials, etc.), the simulated
quality factors levels are, as a rule, much less than the experimental levels (see, for instance,
review [17]) and cannot be used in the same manner as the absolute values, but only in the
same manner as the relative ones.

In the present work, the influence of the geometrical configuration and other param-
eters on the quality factor was not investigated. However, Q accounting is necessary to
assess whether this parameter is not reduced for some OMIS. The calculated Q levels at
different eigenfrequencies enable us to evaluate whether damping at high frequencies is
comparable with those at the lower frequencies.

Calculated levels of the quality factors for different eigenfrequencies are shown in
Figure 3a by asterisks. Figure 3b,c present calculated levels of the participation factors,
namely normalized Z- and X-translations, which relate to the energy contained within each
resonant mode.
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As can be seen from the calculations, the quality factor Q ~6.3 × 106–7 × 106 is
quite high for all eigenfrequencies, and their relative differences do not exceed 11% (see
Figure 3a).

The levels of the participation factors characterize the contribution of each eigenfre-
quency to the corresponding motion. The displacement is written as a linear combination
of the eigenmodes [20]:

uk ≈∑n
j=1 qk,j · uk,j, (3)

where qk,j is (k,j)-th eigenmode amplitude; uk,j is (k,j)-th eigenmode shape; k corresponds to
x, y, or z direction; j is the eigenmode number; and n is the number of all eigenmodes.
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qk,j is written through the eigenmode participation factor Γk,j as follows [20]:

qk,j =
Sa,k · Γk,j

ω2
j

, (4)

where Sa,k is the acceleration spectra in k-th direction; ωj is the j-th eigenmode circular
frequency; Γk,j = φT

j M1k; φj is the eigenmode in terms of vector of degrees of freedom; M
is the mass matrix; and 1k is a vector that has the value 1 for the k-translation and the value
0 for all other translations.

The level of the k-th participation factor Γk,j characterizes the degree of influence of
the movement in the k-th direction on the resulting shape of the movement mode. Thus,
knowing the values of the participation factors in different directions, it is possible to predict
the dominant directions of movement for different eigenmodes and different frequencies,
as well as the dominant modes.

The presented participation factors, namely normalized Z- and X-translations, were
chosen as the most significant parameters for analyzing the influence of the spectrum
of eigenfrequencies on the peculiarities of movement. These parameters characterize
movement in the direction in which the acceleration is measured (Z) and in the direction
perpendicular to it (X or Y). The X and Y directions for this OMIS design are treated
identically. In Figure 3c, eigenfrequencies with different participation factors (for instance,
second and third eigenfrequencies) each correspond either to X or Y directions with almost
identical eigenmode shapes.

As analysis has shown for the considered OMIS configuration, levels of such partici-
pation factors as normalized X, Y, Z rotations are several orders less than the levels of the
normalized translation participation factors. As it follows from the modeling, the largest
contribution to the displacement in Z direction is associated with the first eigenfrequency
(see Figures 2a and 3b) and the second and the third eigenfrequencies are associated with
the displacement in the perpendicular directions, namely X and Y (see Figures 2b,c and 3c).
The last eigenfrequency is associated with rotation (see Figure 2d). Nevertheless, values
of the participation factors of the normalized Z- and X-translations can be of the same
order (see Figure 3b,c), because the eigenmodes amplitudes are inversely proportional to
ω2 (see (4)), and the contribution of the second and the third eigenfrequencies relative
to the first is less than 1%. Thus, to ensure the absence of the influence of movement in
directions perpendicular to the main direction for which the acceleration is measured, it
is necessary to increase the ratio between the second and the first eigenfrequencies or to
provide a decrease in the translation factors of the perpendicular directions.

Information on the participation factors levels is also necessary to assess the effect of
higher harmonics on the system cross-talk. Based on the numerical analysis (see Figure 3b,c)
we can conclude that the main type of motion is azimuthal displacement along the Z-axis,
and the first eigenfrequency provides the main contribution to the resulting motion. Thus,
for the proposed OMIS configuration, only the first eigenfrequency can be considered when
choosing the operating frequencies.

Another parameter important for characterizing the quality of OMIS is dependence of
the azimuthal displacement (Z) versus the applied force F and correlating it to acceleration
a (a = F/m, where m = 3.1 mg is mass of the all parts of OMIS): Z = f (a). The geometric
nonlinearity of the system can cause the nonlinearity of this dependence. To model the
processes associated with such non-linearity using Comsol Multiphysics 5.6, the “Non-
linearity” node was activated in the “Linear elastic material” node, as well as “Additive
strain decomposition” and “Calculate dissipative energy” nodes. In addition, the “Study
step” was chosen for this case as the “Stationary” with “Include geometric nonlinearity”
option, since in this regime geometric nonlinearity is the most pronounced. To obtain such
a dependence, force F was applied in the center of the OMIS plane along the Z axis. The
results of the calculated dependence Z = f (a) are shown in Figure 4. Figure 4a corresponds
to a rather broad range of forces and acceleration applications—up to 1000·g (where
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g = 9.81 m/s2 is the acceleration due to gravity) to show the degree of nonlinearity. Figure 4b
corresponds to the case when accelerations are several times bigger than g. In all other
cases, the nonlinearity is present, but to a different degree.
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Figure 4. Calculated nonlinear azimuthal displacement (Z/Z0) versus relative applied acceleration a/g.
A stationary load Fz = m·g·k ≈ 0.03·k N (k = 1–1000, m = 3.1 mg) is applied in the center of the plane
z = 0. Z0 is displacement at g acceleration, Z is displacement at a = k·g acceleration. (a)—0 < a < 1000·g;
(b)—1 < a < 5·g.

Let us consider the OMIS characteristics at a frequency range from f = 0.001 Hz up
to f = 200 Hz, a wideband operational range of the inertial optomechanical accelerometer
applications [1–7]. Simulations of the total displacement (D) that practically coincides with
the azimuthal displacement (Z) and axial displacement (X), as well as the stored energy
density (J) at application of Fz = m·g ≈ 0.03 N, have been performed. Figure 5 presents D
(a) and X (b) displacements as well as J (c). In the considered frequency band, all calculated
distributions coincide well for all frequencies. Similar calculations carried out for the case
of application of the load with a very low frequency, namely 10−7 Hz, have shown that the
results strongly coincide with the corresponding distributions in the stationary case.
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for application of the load Fz = m·g ≈ 0.03 N with frequency 200 Hz in the center of the plane z = 0.

From the comparison of the dependencies, calculated for these very low or stationary
frequencies with the distributions shown in Figure 5, it can be concluded that the character
of the distributions is almost the same, but all values, namely displacement and stored
energy, become approximately 1.4 times bigger.

As can be seen from the comparison of the total displacement amplitude mode (see
Figure 5a) and the axial displacement (Figure 5b), their character is different. The azimuthal
displacement is concentrated mainly in the zone of the central OMIS part where a mirror is
located, and in the radial beams connecting it to the outer fixed constrained contour. Such
an azimuthal displacement configuration provides a good reciprocity between the displace-
ment and the applied external acceleration. Quite the opposite, the axial displacement is
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concentrated in the springs connecting the central test mass with the fixed constrained
outer contour. It should be noted that due to the chosen OMIS design, maximal axial
displacement is substantially less than the maximal azimuthal one.

4. Influence of OMIS Geometrical Parameters on Its Mechanical Characteristics

Here, we simulate the influence of the OMIS geometrical parameters on its mechanical
characteristics: eigenfrequencies, quality, and participation factors. It was determined
that when the OMIS test mass dimensions are fixed, two geometric parameters, namely
thickness of the thinnest detail of OMIS—its springs and total OMIS thickness—have the
greatest impact on the eigenfrequency levels.

Modelled distributions for the case of OMIS with springs thicker than for the case
considered above, namely dmin = 500 µm, show that the first eigenfrequency corresponds to
f 1 = 8.305 kHz, the second one corresponds to f 2 = 2.05 f 1 = 17.042 kHz, and the third one
corresponds to f 3 = 3.15·f 1 = 26.192 kHz. Figure 6 shows the calculated distributions of the
quality factor (Figure 6a) and the participation factor, namely the normalized Z-translation
(Figure 6b).
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Modelled distributions for the case of the OMIS with even thinner springs, dmin = 50 µm,
shows that the first eigenfrequency corresponds to f 1 = 0.318 kHz, the second one corresponds
to f 2 ≈ 26.9 f 1 = 8.552 kHz, and the third one corresponds to f 3 ≈ 42.76·f 1 = 13.598 kHz.
Figure 7 shows calculated distributions of the quality factor (Figure 7a) and the participation
factor, namely normalized Z-translation (Figure 7b) versus eigenfrequencies.

As can be seen from Figures 6a and 7a, the levels and the relative differences of
the participation factors for these OMIS configurations possess approximately the same
character as for the basic OMIS (see Figure 3a).

To summarize the obtained dependencies of the OMIS characteristics, they were
presented as graphs of the first three eigenfrequencies (f 1, f 2, f 3) versus dmin (Figure 8a,b)
and total OMIS thickness Hmax (Figure 8c).
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As can be seen from Figure 8a, the bigger dmin—thickness of the springs, the bigger all
three first eigenfrequencies. It is connected with an increase in the OMIS stiffness when
increasing the spring thickness, as it follows, for instance, from the analytical expression
for the first eigenfrequency of a simple resonator [3]:

ω1 = 2πf 1 = (k/m)1/2,

where k is the resonator stiffness and m is the resonator mass.
However, the character of the dependencies of the ratios between the second and the

first (f 2/f 1) as well as the third and the first (f 3/f 1) eigenfrequencies versus dmin is not linear
(see Figure 8b). Levels of f 2/f 1 and f 3/f 1 are much bigger for the thinner membranes than
for the thicker ones. The limit of device thinness is set by the manufacturer’s capabilities.
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The influence of Hmax level on the eigenfrequencies values is not as pronounced as the
dmin level influence (see Figure 8c). For the considered parameters, f 1 decreases 1.7 times
while the Hmax increases 3 times. Ratios f 2/f 1 remain rather big at all Hmax levels, however,
the second and the third eigenfrequencies vary more substantially when Hmax is changed.

Using the dependencies shown in Figure 8 for choice of the OMIS configurations for
different purposes, two hypothetically realizable OMIS geometries, which provide the
lowest and the highest first eigenfrequency level, have been proposed (see Figure 9).
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The mechanical parameters have been calculated for the case of the geometry, pro-
viding the low limit of the first eigenfrequency (called “Low eigenfrequency geometry”):
Hmax = 5 mm—corresponding to the lower frequency (see Figure 8c), dmin = 50 µm—
corresponding to the lower frequency (see Figure 8a), and Rin = 12.3 mm. Simulation results
for OMIS with these parameters are as follows for the eigenfrequencies: f 1l = 45.36 Hz,
f 2l ≈ 6.05·f 1l = 274.47 Hz, and f 3l ≈ 16.61·f 1l = 753.43 Hz. This OMIS model has rather thin
springs as well as thin structures connecting the springs to the fixed constrained outer cylin-
der (its thickness equals to Rin − Rout = 13.4 − 12.3 = 1.1 mm). The calculated distributions
of the quality factors corresponding to such an OMIS geometry versus eigenfrequencies are
presented in Figure 9a. Figure 9c presents the mode shape for such an OMIS configuration
for the first eigenfrequency.

The geometry, providing the high limit of the first eigenfrequency (called “High eigen-
frequency geometry”) has the following parameters: Hmax = 2 mm—corresponding to the
higher frequency (see Figure 8c), dmin = 500 µm—corresponding to the higher frequency
(see Figure 8a), and Rin = 10.4 mm. Simulation results for OMIS with these parameters
are follows eigenfrequencies: f 1h = 9.91 kHz, f 2h ≈ 1.75·f 1h = 17.376 kHz, f 3h ≈ 3.18·
f 1h = 31.502 kHz. This OMIS model has thicker springs and bigger thickness of the connect-
ing structures (its thickness equals to Rin − Rout = 13.4 − 10.4 = 3 mm). The distribution
of quality factors corresponding to such an OMIS geometry versus eigenfrequencies are
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presented in Figure 9b. Figure 9d presents the mode shape for such an OMIS configuration
for the first eigenfrequency.

As follows from (2), the acceleration noise floor is inversely proportional to the square
root of the quality factor and directly proportional to the square root of the angular fre-
quency. As it follows from the obtained results, the relative difference between the square
root of the quality factors for the first eigenmode of each case is only 4%. However, the
square root of the ratio of the first eigenfrequencies is almost 15. Moreover, the OMIS of
the “Low frequency geometry” is 2.5 times thicker and its mass therefore is also bigger.
This means that, in accordance with (2), for the geometry corresponding to the case “Low
frequency geometry” ath, the acceleration noise floor can be more than 23 times less than for
the case “High frequency geometry”. It can be concluded that with the help of the chosen
OMIS parameters, the first eigenfrequencies can be reduced and after that the sensitivity of
the acceleration measurements can be raised substantially. However, the bandwidth of the
accelerometers determines the necessary value of the first eigenfrequency, which should
be at least 10 times bigger. The presented examples demonstrate the range in which first
eigenfrequencies and the acceleration measurement accuracy can be chosen.

5. Conclusions

Usage of the described mathematical model of the mechanical part of the miniature
optomechanical accelerometer with micron size parts enables obtaining such characteristics
as eigenfrequency level, quality factor, displacement magnitude, normalized translations,
and normalized rotations versus eigenfrequencies. It permits also to evaluate the spatial
distributions of the azimuthal, radial and axial displacements, and stored energy density for
application of the loads in a rather wide frequency range starting from the stationary case.
Analysis of the influence of the geometrical parameters of the optomechanical accelerometer
on its main mechanical characteristics has revealed the corresponding dependencies. Such
an analysis enabled the design of the OMIS geometrical parameters providing minimal and
maximal eigenfrequencies for the parameter range that can be implemented in practice.
Further investigations are necessary to provide a more general approach for a broader range
of OMIS configurations and their dependence on geometrical parameters, such as OMIS
minimal dimension—the spring thickness as well as its maximal axial parameter—the
total OMIS thickness. It is necessary also to prolong the experimental investigations of the
elaborated OMIS model (see Figure 1a) and to create experimental samples of the proposed
OMIS type.

Author Contributions: C.B. conceptualized and supervised the study. L.K. designed and supervised
development of the OMIS, reviewed and edited the manuscript, M.R. performed mathematical
modelling, data curation, writing, review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This work is supported by the German Space Agency (DLR e.V.), with funds provided
by the Federal Ministry of Economic Affairs and Climate Action, under grant number 50WM2262B
(HyQIS).

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hines, A.; Nelson, A.; Zhang, Y.; Valdes, G.; Sanjuan, J.; Stoddart, J.; Guzmán, F. Optomechanical Accelerometers for Geodesy.

Remote Sens. 2022, 14, 4389. [CrossRef]
2. Abozyd, S.; Toraya, A.; Gaber, N. Design and Modeling of Fiber-Free Optical MEMS Accelerometer Enabling 3D Measurements.

Micromachines 2022, 13, 343. [CrossRef] [PubMed]
3. Reschovsky, B.J.; Long, D.A.; Zhou, F.; Bao, Y.; Allen, A.R.; LeBrun, W.T.; Gorman, J.J. Intrinsically accurate sensing with an

optomechanical accelerometer. Opt. Express 2022, 30, 19510–19523. [CrossRef] [PubMed]

https://doi.org/10.3390/rs14174389
https://doi.org/10.3390/mi13030343
https://www.ncbi.nlm.nih.gov/pubmed/35334635
https://doi.org/10.1364/OE.457499
https://www.ncbi.nlm.nih.gov/pubmed/36221725


Micromachines 2023, 14, 1865 12 of 12

4. Bongs, K.; Holynski, M.; Vovrosh, J.; Bouyer, P.; Condon, G.; Rasel, E.; Schubert, C.; Schleich, W.P. Taking atom interferometric
quantum sensors from the laboratory to real-world applications. Nat. Rev. Phys. 2019, 1, 731–739. [CrossRef]

5. Lévèque, T.; Fallet, C.; Mandea, M.; Biancale, R.; Lemoine, J.M.; Tardivel, S.; Delavault, S.; Piquereau, A.; Bourgogne, S.; Santos,
F.P.D.; et al. Gravity field mapping using laser-coupled quantum accelerometers in space. J. Geod. 2021, 95, 15. [CrossRef]

6. Bidel, Y.; Zahzam, N.; Blanchard, C.; Bonnin, A.; Cadoret, M.; Bresson, A.; Rouxel, D. Absolute marine gravimetry with
matter-wave interferometry. Nat. Commun. 2018, 9, 627. [CrossRef] [PubMed]

7. Wu, X.; Pagel, Z.; Malek, B.S.; Nguyen, T.H.; Zi, F.; Scheirer, D.S.; Muller, H. Gravity surveys using a mobile atom interferometer.
Sci. Adv. 2019, 5, eaax0800. [CrossRef] [PubMed]

8. Zhang, J.-Y.; Xu, W.-J.; Sun, S.-D.; Shu, Y.-B.; Luo, Q.; Cheng, Y.; Hu, Z.-K.; Zhou, M.-K. A car-based portable atom gravimeter and
its application in field gravity survey. AIP Adv. 2021, 11, 115223. [CrossRef]

9. Liu, C.; Han, L.; Chang, S.; Wang, J. An Accelerometer-based Wearable Multi-node Motion Detection System of Freezing of Gait
in Parkinson’s Disease. In Proceedings of the 2022 IEEE International Instrumentation and Measurement Technology Conference
(I2MTC), Ottawa, ON, Canada, 16–19 May 2022; pp. 1–5. [CrossRef]

10. Mesin, L.; Porcu, P.; Russu, D.; Farina, G.; Borzì, L.; Zhang, W.; Guo, Y.; Olmo, G. A Multi-Modal Analysis of the Freezing of Gait
Phenomenon in Parkinson’s Disease. Sensors 2022, 22, 2613. [CrossRef] [PubMed]

11. El-Sheimy, N.; Youssef, A. Inertial sensors technologies for navigation applications: State of the art and future trends. Satell.
Navig. 2020, 1, 2. [CrossRef]

12. Groves, P.D. Navigation using Inertial Sensors. IEEE Aerosp. Electron. Syst. Mag. 2015, 30, 42–69. [CrossRef]
13. Noureldin, A.; Karamat, T.B.; Georgy, J. Fundamentals of Inertial Navigation, Satellite-Based Positioning and Their Integration, 1st ed.;

Springer: Berlin/Heidelberg, Germany, 2013.
14. Cheiney, P.; Fouché, L.; Templier, S.; Napolitano, F.; Battelier, B.; Bouyer, P.; Barrett, B. Navigation-Compatible Hybrid Quantum

Accelerometer Using a Kalman Filter. Phys. Rev. Appl. 2018, 10, 034030. [CrossRef]
15. Schlager, B.; Goelles, T.; Behmer, M.; Muckenhuber, S.; Payer, J.; Watzenig, D. Automotive Lidar and Vibration: Resonance, Inertial

Measurement Unit, and Effects on the Point Cloud. IEEE Open J. Intell. Transp. Syst. 2022, 3, 426–434. [CrossRef]
16. Cervantes, F.G.; Kumanchik, L.; Pratt, J.; Taylor, J.M. High sensitivity optomechanical reference accelerometer over 10 kHz. Appl.

Phys. Lett. 2014, 104, 221111. [CrossRef]
17. Li, B.; Ou, L.; Lei, Y.; Liu, Y. Cavity optomechanical sensing. Nanophotonics 2021, 10, 2799–2832. [CrossRef]
18. Carter, J.; Köhlenbeck, S.; Birckigt, P.; Eberhardt, R.; Heinzel, G.; Gerberding, O. A High Q, Quasi-Monolithic Optomechanical

Inertial Sensor. In Proceedings of the 2020 IEEE International Symposium on Inertial Sensors and Systems (INERTIAL), Hiroshima,
Japan, 23–26 March 2020; pp. 1–4. [CrossRef]

19. Richardson, L.L.; Hines, A.; Schaffer, A.; Anderson, B.P.; Guzmán, F. Quantum hybrid optomechanical inertial sensing. Appl. Opt.
2020, 59, G160–G166. [CrossRef] [PubMed]

20. Structural Mechanics Module. User’s Guide 1998–2018. COMSOL. Available online: https://doc.comsol.com/5.4/doc/com.
comsol.help.sme/StructuralMechanicsModuleUsersGuide.pdf (accessed on 25 September 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s42254-019-0117-4
https://doi.org/10.1007/s00190-020-01462-9
https://doi.org/10.1038/s41467-018-03040-2
https://www.ncbi.nlm.nih.gov/pubmed/29434193
https://doi.org/10.1126/sciadv.aax0800
https://www.ncbi.nlm.nih.gov/pubmed/31523711
https://doi.org/10.1063/5.0068761
https://doi.org/10.1109/I2MTC48687.2022.9806546
https://doi.org/10.3390/s22072613
https://www.ncbi.nlm.nih.gov/pubmed/35408226
https://doi.org/10.1186/s43020-019-0001-5
https://doi.org/10.1109/MAES.2014.130191
https://doi.org/10.1103/PhysRevApplied.10.034030
https://doi.org/10.1109/OJITS.2022.3176471
https://doi.org/10.1063/1.4881936
https://doi.org/10.1515/nanoph-2021-0256
https://doi.org/10.1109/INERTIAL48129.2020.9090085
https://doi.org/10.1364/AO.393060
https://www.ncbi.nlm.nih.gov/pubmed/32749329
https://doc.comsol.com/5.4/doc/com.comsol.help.sme/StructuralMechanicsModuleUsersGuide.pdf
https://doc.comsol.com/5.4/doc/com.comsol.help.sme/StructuralMechanicsModuleUsersGuide.pdf

	Introduction 
	Analytical Determination of the OMIS Mechanical Characteristics 
	Numerical Modelling of OMIS Mechanical Characteristics 
	Influence of OMIS Geometrical Parameters on Its Mechanical Characteristics 
	Conclusions 
	References

