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HIGHLIGHTS

Introduces a pivot-stable electrostatic rotary MEMS actuator optimized for alignment-critical MOEMS applications.

Employs curved comb-drive electrodes with symmetric U-shaped suspension springs to enable controlled bidirectional in-plane rotation with a stable center of
rotation.

Achieves +2.2° angular displacement at 150 V, with close agreement between analytical modeling, FEM simulations, and experimental measurements.
Demonstrates exceptionally low parasitic motion (X/Y < 190 nm, Z < 300 nm), which is explicitly quantified and shown to preserve alignment during rotation.
Optical FDTD simulations confirm robust optical performance, showing <1% variation in coupling efficiency across the full actuation range, supported by an
integrated electrostatic gap-closing mechanism for reduced insertion loss.

ARTICLE INFO ABSTRACT

Keywords: This work presents a novel electrostatically actuated rotary MEMS structure optimized for high-precision in-plane
MEMS rotation with low parasitic displacement. The design integrates curved comb-drive electrodes with symmetrical
Rotary actuator U-shaped suspension springs to enable controlled bidirectional rotation while minimizing undesirable lateral and

Electrostatic actuation
Micro-fabrication
MOEMS

out-of-plane motion. Analytical modeling, finite element simulations, and experimental measurements consis-
tently demonstrate a maximum angular displacement of +2.2° at 150 V, with unwanted lateral translational
motion confined below 190 nm along both the X and Y directions, and out-of-plane motion confined under
300 nm in the Z direction. The platform stable center of rotation and suppressed parasitic displacement make
it highly suitable for applications such as MOEMS-based optical switches, where alignment precision is critical.
In addition, the platform features a lateral gap-closing mechanism actuated electrostatically, enabling tunable
displacement for alignment-critical optical applications while preventing pull-in through stopper integration.
Furthermore, this work provides an analytical formulation of torque and stiffness. The proposed device occupies
an area of 1 mm x 2 mm and is fabricated using the PiezoMUMPs process with a 10 pm thick device layer.

1. Introduction 35,47]. An important feature of MEMS devices is their integration capa-
bility with optical components for telecommunications, particularly in
data centers, where they are used to steer light carrying data between
optical channels [44]. The versatility and scalability of MEMS technol-
ogy continue to drive innovation across both consumer and specialized
applications [38].

MEMS devices can feature different actuation mechanisms, each with
advantages and limitations, which determine their motion and function-
ality. Electromagnetic actuators can generate large displacements with

Micro-electro-mechanical-systems (MEMS) have significantly im-
pacted modern technology by integrating mechanical and electrical
components at the microscale. These devices, fabricated using semicon-
ductor processes, enable precise sensing and actuation in compact and
efficient form-factors. Their applications span across industries, from
automotive safety systems with MEMS accelerometers for airbag deploy-
ment [15,20,37], aerospace [6,19], to biomedical devices incorporating
lab-on-a-chip diagnostics and implantable pressure sensors [16,24,25,
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low voltage but pose fabrication challenges due to the integration of coils
and magnetic materials and require large areas [29,48]. Piezoelectric
actuators offer high-speed and precise motion but require high electric
fields and introduce process complexities when integrating piezoelec-
tric films [4,11,36]. Thermal actuators, which rely on resistive heating,
produce large forces and displacements at low input voltages, but their
response time is limited by heating and cooling cycles, and they have rel-
atively high power consumption [8,18,43,53]. In contrast, electrostatic
actuators, despite requiring high operating voltages and exhibiting lim-
ited displacement due to pull-in instability, are commonly favored in
MEMS devices for their low power consumption and compatibility with
standard semiconductor fabrication processes [27,34].

Among electrostatic actuation configurations, comb-drive actuators
have gained prominence due to their efficiency and scalability [12,33,
45,49]. These actuators consist of interdigitated fingers, with one set
fixed to the substrate and the other attached to a movable structure
through a set of compliant springs. When a voltage is applied, electro-
static forces pull the movable fingers toward the fixed ones, generating
displacement [22]. Comb drives can generate higher forces by increas-
ing the number of fingers or reducing the inter-finger gap, making them
highly effective for various MEMS applications.

Conventional comb drives primarily facilitate linear motion [21];
however, in various applications rotational movement is desirable, such
as in micro grippers [9,28], and optical switches [7,14,41]. Therefore,
by constructing comb-drive electrodes in a circular or radial geometry,
rotational motion can be achieved [14,41].

The ability to achieve rotational motion at the microscale has en-
abled a wide range of advanced applications. For example, MEMS-based
rotary actuators are employed in laser beam scanning and positioning
systems [2,3,17]. Huda et al. [17] proposed a rotary MEMS comb-drive
actuator featuring a 2 mm movable arm developed for photonic applica-
tions. The actuator demonstrated a maximum angular deflection of 2.8°
under a 100 V bias. Fabricated using SOI wafers and optimized deep re-
active ion etching (DRIE), the device exhibits smooth sidewalls suitable
for integration with optical systems, such as external cavity lasers and
hybrid photonic platforms.

Rotary MEMS devices also find applications in RF systems. Kashani
et al. [23] introduced a compact, electrostatically actuated rotary RF
MEMS switch designed for antenna switching, operating at an actua-
tion voltage of 50 V. Inertial sensors, including MEMS gyroscopes [13,
51], utilize rotary actuation to sustain oscillation, thereby enabling
high-precision angular rate measurements for navigation and motion
tracking.

In biomedical systems, rotary MEMS structures facilitate precise con-
trol of optical components in endoscopic imaging [30,40]. Additionally,
in micro-robotics, rotary MEMS actuators are leveraged for controlled
movement in micromanipulation tasks, allowing for accurate operation
in confined or delicate environments where conventional actuators are
unsuitable [26].

Despite recent advancements, most rotary MEMS designs still strug-
gle to fully mitigate unwanted motion during rotation. In high-precision
applications such as optical switches, image scanners, and laser posi-
tioning systems, structural misalignment caused by lateral translational
displacement can significantly degrade performance [1]. Even slight
misalignment between the input and output waveguides in optical
switches has been shown to increase insertion loss [14]. Therefore, it is
essential to constrain the suspended structure to purely rotational mo-
tion, minimizing translational drift and other unintended displacements.

Accordingly in this work, a rotary MEMS structure is designed with
U-shaped springs that function as mechanical hinges. These springs
allow the structure to rotate while keeping it stable and preventing
unwanted movements, making it more accurate for optical and other
high-precision uses. The structure also includes an electrostatically ac-
tuated lateral gap-closing mechanism, designed to improve insertion loss
in applications where coupling between input and output waveguides is
critical, such as optical switches.
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The remaining of this paper is organized as follows: Section 2
presents the proposed design, analytical modeling, and micro-
fabrication process. Section 3 details the simulation and experimental
results. In Section 4, the findings are discussed, and the performance of
the proposed rotary MEMS actuator is compared with the state-of-the-
art. Finally, Section 5 concludes the paper and highlights directions for
future work.

2. Design, analytical model, and micro-fabrication process
2.1. Design

The MEMS device presented in this work is an electrostatically actu-
ated structure devised to achieve rotational motion with minimal lateral
displacement. Fig. 1(a) and (b) show the fabricated device, illustrating
the top view and the most critical components of the structure, respec-
tively. As can be seen in this figure, the proposed MEMS device has
a symmetrical configuration, consisting of comb fingers on each side
and a platform connected to U-shaped springs. The U-shaped springs
are 4 um wide and 10 pm thick. The entire structure, including the
fingers and the platform, is supported by the beams of the U-shaped
springs with dimensions L; = L, = 180 pm, L; = 200 um, and L, =
25 um. These attached beams provide the necessary mechanical stabil-
ity while allowing the platform to rotate clockwise and counterclockwise
freely. The ends of the two L; beams are the only points through which
the suspended structure is anchored. To further clarify the mechanical
behavior of the U-shaped flexure, a simplified schematic is presented
in Fig. 2. The U-shaped beams act as compliant elements that enable
rotational motion of the suspended platform through distributed bend-
ing along their segments. Under electrostatic actuation, the deformation
is primarily accommodated by flexural bending of the beam sections,
allowing the platform to rotate about its geometric center while main-
taining structural symmetry. This configuration effectively suppresses
parasitic translational motion and enhances rotational stability. Arrows
in Fig. 2 indicate the qualitative direction of motion and bending at
selected locations along the flexure.

Vinl VGC | Vin2 ——————

(a) (®)

Fig. 1. Fabricated rotary MEMS structure: a) top view, b) zoomed view of the
U-shaped spring.
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Fig. 2. Simplified schematic of the U-shaped flexure, illustrating the qualitative
motion and bending directions under clockwise (CW, blue arrows) and counter-
clockwise (CCW, red arrows) electrostatic actuation (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.).
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Table 1
Dimensions of the device.

Geometry Dimension [um]

Finger Width 10
Platform Gap 7
Stopper Gap 3

L, 180
L, 180
L, 200
L, 25

Springs Width 4

Central to the device is an oval-shaped platform, which can be used
to integrate RF or optical waveguides to control wave propagation on the
structure. In optical switching applications, for example, this platform
can be coated with silicon dioxide and silicon nitride (SiN) to function
as a planar waveguide. Additionally, as proposed by Briere et al. [7],
coating the back facet of the platform with metal enables it to act as a
mirror, further expanding its optical manipulation capabilities.

Alongside the central platform are interdigitated comb structures,
which are utilized for actuation. The fingers located on either side of
the platform are free to move, while the fingers attached to the V;,; and
V,» electrodes remain fixed. When a voltage is applied between these
electrodes and ground (GND), an electrostatic force is generated. The
gaps between the fingers are intentionally made unequal (g, # g,) to
assist the U-shaped springs in suppressing undesirable lateral transla-
tional motion, as shown in Fig. 1. The curved geometry of the comb
fingers causes the electrostatic force to act tangentially at a radial dis-
tance from the center of rotation, thereby generating a torque, while
the U-shaped springs act as compliant flexural hinges that allow the
resulting rotational motion of the movable fingers.

Both the stationary and movable fingers, along with the central plat-
form, have the same circular center, each with a distinct radius. The
common central origin enhances the structural stability and significantly
reduces any unwanted lateral translational movement of the platform
during rotation. The detailed physical dimensions of the proposed MEMS
structure are provided in Table 1.

The bi-directional rotational motion of the device is achieved by
applying voltage to specific electrodes. Applying voltage to the V;,,
electrode induces a counterclockwise (CCW) motion, whereas applying
voltage to the V,,, electrode results in a clockwise (CW) motion.

To allow the platform to rotate freely, a gap must be maintained
between the platform and the V. electrode. However, in applications
such as optical switches, it is important to minimize this gap once the
waveguides are aligned in order to reduce insertion loss for both the
input and output light [14]. When a voltage is applied to the V. elec-
trode, the gap decreases due to electrostatic attraction, as illustrated in
Fig. 1(b). This gap-closing mechanism has been previously explored in
earlier work on optical MEMS switch applications [14].

The gap-closing function in the proposed design can be activated
under two different operating conditions. In the first case, the platform
remains at rest without any rotational actuation (i.e., at 0 V on the comb
drives), and the V4 electrode is used to pull the platform closer to the
fixed surface. This is particularly useful in cases where optical waveg-
uides are placed on the V- electrode, as presented in [14]. In the second
scenario, the platform is first rotated to a desired angle by applying a
voltage to the curved comb fingers (CW or CCW), and then a voltage can
be applied to the V. electrode to close the gap. Importantly, the gap-
closing mechanism does not interfere with the achieved rotation angle
such that it simply reduces the spacing between the platform and the
fixed surface to minimize optical insertion loss of potential waveguides
present on the structure.

During the process of translational electrostatic actuation to close
this gap, the electrodes gradually approach each other until they
reach a critical distance, causing them to collapse and short circuit, a
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phenomenon known as pull-in. This pull-in can be calculated with the
following equation [22]:

8 kg3
Sy M

where k denotes stiffness, g is the initial gap between the platform and
the electrode, ¢ is the permittivity, and A is the common electrode area.
To prevent direct electrode contact when pull-in occurs, a set of stop-
pers has been placed on both sides of the platform, as can be seen in
Fig. 1(b). The gap between the platform and the electrode is 5 um, and
the gap from the stoppers to the platform is 3 um. This prevents contact
with the V. electrode when the gap is closed, maintaining the device
structurally safe.

2.2. Analytical model

The interaction between the electrostatic forces within the comb
drive structure generates a torque, ultimately resulting in angular
displacement. The torque, denoted as z can be determined using [42]:

7=F, xR, ()

where R represents the radial distance from the center to the fingers,
and F,; corresponds to the electrostatic force acting on the system.
To calculate the overall torque produced by the curved comb fingers,
the analytical model proposed by Tu et al. [42] is used, in which the
curved comb drives are approximated as parallel plate electrodes, and
the fringing field effects are neglected.

The torque generated by electrostatic forces is influenced by two ca-
pacitances, C,, which accounts for the capacitance between the movable
and fixed fingers, and C, which corresponds to the capacitance formed
at the tip of the movable fingers and the sidewalls of the fixed fingers.
Since both capacitances contribute distinct torques (z, from C, and 7,
from C;), the total torque is given as:

Tiotal = Tf + 7g- 3

The torque expressions in Egs. (4) and (5) are derived by integrating
the electrostatic force along the curved comb fingers with respect to
the radial distance from the center of rotation. A similar approach has
been widely used in the modeling of electrostatic comb-drive actuators,
where the force is first obtained from the partial derivative of the stored
electrostatic energy (i.e., capacitance variation) and then converted into
torque based on the effective moment arm. Using the parameters defined
in Table 1 and the structural illustration in Fig. 1, the individual torques
can be expressed mathematically as follows Tu et al. [42].

n—1 . -1
Ry+2i-(W,+g)
rg=lso~t~V.2~ In 9 - /
2 m Ry+2i-Wr+g)—g

i=1

“4)
| Ry+Qi+1)-Wr+g)\\™
+
<H<R0+2i-(Wf+g)+Wf>>
and
1 1 = 1
.= =0 -W,-V2. . (
f 20 S Vin (lg o _9)2 pard R0+2i.(Wf+g)
2Yr 0 (5)

1
+R0+2(i+1)-(Wf+g)>

Since in the proposed design the inter finger gaps are not uniform,
7, must be computed separately for different gap values. Consequently,
in (4), g should be replaced with both g = 10 um and g, = 7 pm
to account for the variation. The torque applied to the structure also
acts on the U-shaped suspension springs, inducing rotation of the central
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platform. The resulting rotation can be characterized by the angular dis-
placement 6, which quantifies the relative motion between the movable
and fixed fingers. This angular displacement is explicitly considered in
(5), where the input parameters include all the structural dimensions
from Table 1. The primary variables influencing the system dynamics
are the actuation voltage V;,, the number of comb fingers », and the ro-
tational angle 6. In the analytical model, idealized boundary conditions
are assumed and fringing field effects are neglected to simplify its formu-
lation. This approximation is reasonable for the present design, as the
overlap between comb fingers dominates the electrostatic interaction.
While neglecting fringing fields actually underestimates the total elec-
trostatic force, the assumption of ideal, perfectly compliant boundary
conditions overestimates the mechanical flexibility of the structure. The
interplay of these simplifications is reflected in the discrepancy observed
between the analytical, FEM, and experimental results.

The spring constant of the beams in the MEMS structure can have
both torsional (k,) and linear components (k). The decision as to which
stiffness is used depends on the type of the force acting on the structure.
As shown in Fig. 1, the beam segments forming the U-shaped flexure
are mechanically connected in series along the deformation path. This
means that the applied electrostatic force is transmitted progressively
through each segment, and the overall displacement of the platform is
the sum of their individual structural deflections. This behavior is consis-
tent with folded and serpentine flexure springs commonly used in MEMS
devices. Consequently, the total spring constant for these series springs is
calculated using the inverse sum of the individual beam stiffnesses [22]:

1 1 1 1 1
=+ — 4+ — 6)
Kol kp1  kpa o kpz o kpg

Considering that all the beams of the U-shaped spring are an-
chored at L;, the remaining segments are suspended and free to move.
Therefore, they can be modeled as cantilever beams with a stiffness
given by Kaajakari [22].

_3EI GJ

“=To kTT @
wr? wr

I=— = =
B . J 3 (8)

where E and G represent the Young’s modulus and shear modulus of
silicon, respectively, while I and J denote the second moments of area
associated with the flexural and torsional stiffness of the beams. Based
on these parameters, the total linear (k) and torsional (k,) spring
constants of the MEMS structure can be expressed as:

Ewr
xt — 3 3 30 (9)
4(2L1 + L3 + L4)
Guwt?
Kes “ (10)

T3QL + L+ Ly

The linear spring constant predominantly governs the platform’s
gap-closing motion when an actuation voltage is applied to the V¢
electrode, whereas the torsional stiffness is the dominant factor dur-
ing rotational actuation. This distinction arises from the direction of
the applied electrostatic forces and the anchoring configuration of the
suspension beams. When a voltage is applied to the V. electrode, the
resulting electrostatic force pulls the central platform laterally along the
Y -axis toward the stopper, reducing the gap. This translational motion
is resisted by the linear stiffness k, of the U-shaped beams. Conversely,
applying an actuation voltage to the curved comb fingers generates a
tangential electrostatic force along the comb arc, producing a torque
that induces rotation about the central axis. This rotational motion is
primarily opposed by the torsional stiffness k,. Since the entire movable
structure, including the central platform and comb fingers, is anchored
to the fixed substrate exclusively at the outer ends of the two sym-
metrically arranged L, beams (as shown in Fig. 1(b), the suspension
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Fig. 3. Plot of the calculated angular displacement versus actuation voltage.

Table 2
Characteristics of the PiezoMUMPs process layers.
Layer Thickness Variability Density Layer name
[um] [pm] [kg m~3]
Substrate 400 +5 2320 TRENCH
Silicon 10 +1 2320 SOI
Aluminum 1 +0.05 2700 PADMETAL

system is designed to favor rotational compliance with minimal transla-
tional displacement. As a result, the torsional spring constant dominates
during rotational actuation, whereas the linear spring constant governs
the gap-closing behavior [5,31]. The resulting angular displacement
can be estimated using the expression from Kaajakari [22], which
shows it to be inversely proportional to the torsional stiffness k, such
that

Trotal
g = ol 1n
k91

where 7,,,; can be obtained by (3). Using (3), (10) and (11), the angular
displacement for a specific actuation voltage can be calculated. Fig. 3
shows the calculated value of the angular displacement up to 150 V,
which is the pull-in voltage according to (1) (Table 2).

2.3. Micro-fabrication process

The MEMS structure was fabricated using the PiezoMUMPs pro-
cess [10]. Fig. 4 presents both the fabricated device and schematic
illustrations of its structure for better understanding of the design and
layer composition. Fig. 4(a) provides an isometric view of the fabricated
device captured using a scanning electron microscope (SEM, SU8230
Hitachi), clearly showing the fine features of the comb fingers and elec-
trodes. All layers and a cross-sectional view of the fabricated MEMS
structure are presented in Fig. 4(b) and (c). Although this process is
typically used for piezoelectric devices, in this work, the piezoelectric
layer was not used. Thus, only the structural silicon, oxide, and metal
layers were used. The fabrication began with a silicon-on-insulator (SOI)
wafer, which consists of a 10 um-thick single-crystal silicon device layer
with a (100) orientation, a 1 pm-thick buried oxide (BOX) layer, and a
400 um-thick silicon substrate.

A 1 pm-thick aluminum layer was deposited and patterned using a
liftoff process to form the contact pads for electrical connections. This
step was performed prior to etching the silicon device layer to ensure
proper alignment and coverage. After defining the structure using lithog-
raphy, the silicon device layer was etched using DRIE to create the
suspended mechanical structure.
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- Oxide

Silicon

Fig. 4. Fabricated MEMS device: (a) isometric view captured using SEM, (b) 3D view of the layers, and (c) cross Section.

3. Results
3.1. Simulations

To analyze the behavior of the MEMS structure, a finite element
method (FEM) simulation was conducted using the COMSOL (version
1.6) software suite. This analysis aims to determine the angular and gap-
closing displacements as a function of actuation voltage. As detailed in
Section 2.1, applying an actuation voltage to each pair of electrodes can
result in either clockwise (CW) or counterclockwise (CCW) angular dis-
placements. Fig. 5 shows the angular displacement of the fingers and
the suspended platform. According to the simulations, the structure can
withstand a maximum actuation voltage of 150 V before pull-in occurs
at 160 V, leading to an angular displacement of 2.2° in both directions.

The most significant feature of the proposed design is its stable cen-
ter of rotation, positioned at the geometric center of the structure. This
stability is critical for alignment-sensitive applications, such as MOEMS
optical switches. In these devices, parasitic translational motion during
rotation would cause severe misalignment between optical waveguides
and induce high insertion loss. Mechanically, this stability arises from
the combined effect of the symmetric structural layout, the common
geometric center of the curved comb fingers, and the compliant behav-
ior of the U-shaped suspension springs, which together ensure that the
generated electrostatic forces produce a balanced torque and constrain
the motion about a fixed rotational point. Fig. 6(a) shows the center of
rotation, while Fig. 6(b) presents a magnified view of this region, high-
lighting the possible directions of motion. The simulated displacement
components in the X, Y, and Z directions presented in Fig. 6(c) are
extracted precisely at this center of rotation. The structure can move in-
plane along the X and Y axes, and out-of-plane along the Z-axis, which
is perpendicular to the image plane. Fig. 6(c) presents the simulated
translational displacements along the three axes of motion, where the
Y -axis of the plot is the displacement in nanometers, the lower X-axis is
the actuation voltage, and the upper X-axis corresponds to the angular
displacement achieved in degrees.

Fig. 5. FEM simulation of the angular displacement of the MEMS structure at an
actuation voltage of 150 V: a) CW motion, b) CCW motion.

As the platform rotates CW, the simulations predict that the center
of rotation shifts approximately 8 nm in the Y direction, 52 nm in the
X direction, and 118 nm in the Z direction at 150 V, before pull-in. The
same displacement occurs for CCW rotations but in opposite directions.
In either case, the angular displacement reaches a maximum of 2.2° at
150 V.
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Fig. 6. A) MEMS structure showing the center of rotation, b) Magnified view indicating in-plane X and Y displacement directions, c¢) simulated translational displace-
ment of the rotation center along the X, Y, and Z axes as a function of actuation voltage (bottom X-axis) for both CW and CCW actuation. The corresponding angular

displacement is provided on the top X-axis for reference.

The displacements observed along the X, Y, and Z axes represent
the cross-axis sensitivities of the structure, corresponding to unintended
translational motions occurring during rotational actuation. As shown
in Fig. 6(c), the displacement in the Y direction remains minimal
across the full actuation range, indicating strong lateral symmetry and
effective suppression of motion along this axis. The X-direction dis-
placement is slightly larger but remains confined to the nanometer
scale, reflecting minor coupling between rotational and lateral motion.
In contrast, the Z-direction displacement exhibits a higher magnitude,
which is attributed to the out-of-plane compliance of the suspension
beams under electrostatic loading. Despite this, the overall displacement
remains below 300 nm, confirming that out-of-plane deformation is
well controlled. These results demonstrate that the proposed symmetric
U-shaped suspension design effectively minimizes cross-axis sensitiv-
ities and maintains a stable center of rotation, which is critical for
alignment-sensitive applications such as optical switching.

To evaluate how the unwanted lateral and out-of-plane motions of
the rotary MEMS platform affect the optical coupling, we performed
3D finite-difference time-domain (FDTD) simulations using ANSYS
Lumerical between two supposed waveguides that would lie above the
structures. As the platform rotates, it experiences small shifts in X, Y,
and Z directions. These small displacements, taken from the mechani-
cal simulations, were applied directly in the optical model. Simulations
were carried out at 0, 40, 80, and 150 V.

The movable and fixed SiN waveguides were modeled with a
435 nm x 200 nm inverted taper to match the fabrication constraints. A
2 pm air gap was considered between the fixed and movable waveguides,
as this separation is imposed by the fabrication process after the gap is
closed. For each voltage step, the corresponding mechanical displace-
ment was modeled, and the TE-polarized fundamental mode was used
as an input in the fixed input waveguide. Since the device is designed to
operate in the C and L bands, the analysis was limited to 1530-1625 nm.

The coupling-efficiency curves in Fig. 7(a) show stable optical per-
formance for all actuation voltages. The average normalized coupling
efficiency in the C and L band changes only slightly, with values of
0.7821, 0.7779, 0.7755, and 0.7718 for 0, 40, 80, and 150 V, respec-
tively. These minor variations reflect the small unwanted motion of the
platform, which remains below 50 nm laterally and 300 nm vertically.

Fig. 7(b) and (c) show the simulated electric field in the Y-Z plane
for 0 V and 150 V. This cross-section emphasizes the effect of vertical
misalignment, which is larger than the lateral shift. At 150 V, the mode
shape changes slightly, but no noticeable spreading or radiation is ob-
served. This confirms that the pivot-stable architecture sufficiently limits
vertical motion and preserves proper optical alignment.

Overall, the FDTD simulations show that the rotary MEMS actuator
minimizes optical efficiency variations across the angular displacement
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Fig. 7. (a) coupling efficiency from 3D FDTD simulations for actuation voltages
ranging from 0 V to 150 V, (b) 3D representation of the simulated waveguide
geometry, (c) side view of the simulated optical electric-field distribution at 0 V,
indicating the effective 2 um air gap and the 200 nm-thick SiN waveguide core,
and (d) side view of the simulated optical electric-field distribution at 150 V,
showing negligible deformation of the optical mode under voltage-induced Z-
axis motion.

range. Even at the maximum applied voltage, the change in coupling
efficiency remains below 1%.

3.2. Measurements

To experimentally measure the angular displacement, gap-closing
displacement, and undesired motion of the center of rotation during
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actuation, microscope images were captured at actuation voltages rang-
ing from 0 V to 150 V. A power supply (Keithley 22260B-800-1) was
connected to the actuation electrodes (V;,; or V;,,), and the voltage was
incremented in 10 V steps. At each step, high-resolution images were
taken using an optical microscope (Keyence VHX-7000) to precisely
track the motion of the center of rotation.

A MATLAB script was developed to analyze the microscope images
and measure how much the micro-structure moved during actuation (see
supplemental material). The images, captured at a high resolution of
2880 x 2160 pixels, were obtained across a voltage sweep from 0 V to
150 V in 10 V increments. Spatial calibration was established using a
10 um reference scale bar that spanned 200 pixels, yielding a calibrated
physical pixel size of 50 nm. It is notable, that this 50 nm value is the
digital pixel size, meaning one pixel on the camera sensor covers 50 nm
of physical space. It does not mean the microscope lenses can physically
resolve details that small, as the actual optical resolution is still restricted
by the standard diffraction limit of light.

To isolate structural contrast and reduce computational overhead, all
RGB images were first converted to 8-bit grayscale matrices. Moreover,
a digital smoothing algorithm was applied to the images. Subsequently,
an edge-sharpening filter was utilized to enhance structural contrast
and precisely define the physical boundaries of the moving compo-
nents [39,52]. To detect movement, an absolute difference image was
computed by subtracting the baseline resting state (0 V) from each
actuated state using pixel-by-pixel subtraction. A specific region of
interest (ROI) was defined using fixed spatial coordinates to isolate
the target edge of the moving structure. Within this ROI, the algo-
rithm identified the absolute maximum pixel intensity, which corre-
sponds to the area of highest contrast shift (i.e., maximum physical
displacement). To determine the spatial extent of this movement, the
algorithm then quantified the total number of occurrences of this maxi-
mum intensity value, effectively calculating the length of the displaced
leading edge in pixels. This pixel count was then directly converted
into absolute physical dimensions using the 50 nm/pixel conversion
factor.

Fig. 8(a) illustrates the output of this script, where the red-
highlighted regions represent the displacement between the 0 V and
150 V states during CW rotation. In this case, the red region corresponds
to the initial position of the MEMS structure at 0 V, while the gray re-
gion indicates the displaced position at 150 V actuation. Fig. 8(b) shows
the output of the processed images for CCW motion. In this case, the
gray region corresponds to the initial position at 0 V, while the red
region indicates the displaced position at 150 V actuation. The color
inversion between Fig. 8(a) and (b) reflects the opposite directions of
motion during CW and CCW actuation, respectively.

To evaluate out-of-plane (i.e., Z-axis) displacement, a confocal laser
microscope (LEXT-Olympus OLS4100) was used. Using these methods,
these displacements were extracted to evaluate undesired translational
motions during the in-plane rotation.

Fig. 9 shows the displacements of the pivot point along the X, Y,
and Z directions as a function of actuation voltage during both CW and
CCW rotations. All measurements were repeated five times in each ro-
tation direction, and the averaged results are reported. The error bars
in each plot represent the standard deviation (STD) across the five mea-
surements, reflecting the repeatability and variability of the observed
motions.

Fig. 9(a) shows the in-plane X and Y displacements during rotation.
Under CW actuation, the two axes exhibit distinct movement patterns.
The X displacement rises to approximately 50 nm at 10 V, undergoes
a secondary shift to 100 nm at 70 V, and ultimately peaks at 170 nm
at 150 V. Meanwhile, the Y displacement also shows an initial jump to
50 nm at 10 V, but then steadily climbs to reach 140 nm by 150 V.

For CCW actuation, a stepwise trend is observed alongside improved
lateral stability in the Y direction. After an early spike to a magnitude of
100 nm at 10 V, this Y displacement remains highly stable up to 130 V
before a minor shift to 120 nm at 150 V, indicating a more uniform

Sensors and Actuators: A. Physical 409 (2026) 118047

(b)

Fig. 8. Processed image output showing the pixel differences between the 0 V
and 150 V actuation states. a) CW motion, where the red region corresponds to
the initial position at 0 V and the gray region corresponds to the displaced posi-
tion at 150 V, b) CCW motion, where the gray region corresponds to the initial
position at 0 V and the red region corresponds to the displaced position at 150 V.
The color inversion reflects the opposite direction of motion (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

electrostatic force distribution. Conversely, the X displacement during
CCW operation advances to 70 nm at 50 V and continues to grow,
finalizing at 190 nm at the maximum 150 V.

As observed in the error bars of Fig. 9(a), the standard deviation is
zero at certain actuation voltages, indicating that the extracted displace-
ment was identical across all repeated measurements. Conversely, at
other voltages, the error bars are larger. This variability is a direct conse-
quence of the 50 nm/pixel calibrated digital sampling pitch. Because the
displacement is extracted discretely based on pixel counts, a variation of
even a single pixel in the algorithm’s output between repeated measure-
ments translates to a 50 nm shift in the calculated physical displacement.
This digital discretization step leads to larger standard deviation values
when minor measurement variations occur at the pixel boundaries.

Fig. 9(b) plots the out-of-plane Z displacement. A gradual increase
is observed in both CW and CCW directions, from 50 nm at 0 V
to approximately 300 nm at 150 V. The displacement trend is non-
monotonic, featuring some inflection points, which suggest complex
structural interactions such as tilting, vertical compliance, and possible
electro-mechanical softening under high voltage. The near-symmetric
Z-axis behavior between CW and CCW confirms that vertical deforma-
tion is dominated by global structural compliance rather than directional
asymmetry.
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Fig. 9. Measured translational displacement of the center of rotation as a func-
tion of actuation voltage during both CW and CCW operation: a) in-plane X and
Y displacements, and b) out-of-plane Z displacement. Error bars represent the
standard deviation (STD) across five repeated measurements.

Rotational and gap-closing displacements were measured at each
10 V step of applied voltage with a Keithley 22260B-800-1 power supply
until pull-in was reached. Fig. 10(a) illustrates the angular displacement
as a function of actuation voltage. The FEM simulation results are repre-
sented by the red dashed line, the analytical model previously discussed
is represented by the green dashed line, and the experimental measure-
ments by the blue dashed line. Each measurement point is the average
of five repeated measurements to ensure accuracy, and the STD is repre-
sented by the error bars. Numerical simulation results (red dashed line)
show that a 150 V actuation voltage is sufficient to make the struc-
ture undergo a 2.2° rotation CW and CCW. The experimental results
(blue dashed line) align with the simulation results, and achieved a 2.2°
angular displacement at the same voltage for both directions. A quanti-
tative comparison indicates that the analytical model overestimates the
angular displacement relative to both FEM simulations and experimen-
tal measurements. For instance, at 130 V, the analytical model predicts
an angular displacement of 2.4°, whereas the experimental measure-
ment yields approximately 1.5°. At the maximum actuation voltage of
150 V, the analytical model predicts approximately 2.4°, whereas both
simulation and experimental results reach about 2.2°, corresponding
to an overestimation of approximately 9%. Because neglecting fring-
ing fields in the analytical formulation inherently underestimates the
electrostatic torque, the observed overestimation in displacement is
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Fig. 10. Measured displacements of the fabricated MEMS structure: a) angular
displacement, and b) lateral gap-closing displacement.

primarily attributed to the idealized mechanical boundary conditions.
Specifically, the physically fabricated structure exhibits slightly higher
stiffness due to factors such as sidewall angling introduced during the
DRIE etching and non-ideal rigid anchoring, which are not captured in
the closed-form model. Despite these differences, the analytical model
accurately captures the overall trend and provides a reliable first-order
estimation of the device behavior.

It is notable that angular displacement measurements start at 40 V
(and as discussed later, lateral gap-closing measurements begin at
160 V). At actuation voltages below these respective thresholds, the
physical displacements induced by the structure are smaller than the dig-
ital pixel mapping limits achieved at the selected x2000 magnification,
causing them to fall within the measurement noise floor. Consequently,
reliable displacement extraction in these low-voltage regimes is not fea-
sible using the current optical setup. However, this limitation is strictly
inherent to the optical metrology technique and does not negatively
impact the overall characterization of the device. Within its primary
operational range at higher voltages, the displacements become clearly
distinguishable from the noise floor, and the extracted measurements
align closely with the FEM simulation predictions.

Fig. 10(b) presents the measured lateral gap-closing displacement of
the suspended platform, along with the corresponding actuation volt-
age required to close the gap between the platform and the gap-closing
electrode (Vgc). The platform makes full contact with the stoppers
at an actuation voltage of 380 V. Lateral displacement measurements
were performed five times and averaged, consistent with the angular
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Table 3
Performance comparison of electrostatically actuated in-plane rotary MEMS structures.

Reference Angular Actuation Rotation Size Unwanted Note

displacement (°) voltage (V) sensitivity (° V~1) (mm?) displacement (nm)

[46] +9 60 0.15 Ix1 Not reported Serpentine springs used to achieve large
in-plane rotation.

[2] +1.5 190 0.007 2x1 Not reported Virtual pivot linkage keeps a fixed
rotation center for tunable laser
alignment.

[2] 3 130 0.02 2x1 Not reported Long-arm rotary actuator with external
mirror and stable pivot.

[71 +9.5 180 0.53 1.3x1.0 Not reported Circular comb-drive with latching for
optical switching.

[7] +5 350 0.014 1.3x1.0 Not reported Circular comb-drive on (110) silicon
wafer.

[50] +2.4 50 0.048 0.6x1.3 Not reported Circular comb-drive using a double-
clamped beam for real pivot point.

[50] +4.7 70 0.067 0.6x1.3 Not reported Circular comb-drive using a cantilever
beam for virtual pivot.

[14] +2.9 234 0.012 1x1.3 Not reported Circular-shaped springs with rotary
combs.

[32] +4.5 70 0.064 24x24 Not reported Contactless rotary MEMS using EBG-
based waveguide switching; avoids
stiction via non-contact operation.

[33] +2.25 60 0.037 Not reported Not reported Vertical comb-drive micromirror with
torsion beams; stability limited by lateral
and rotational pull-in effects.

This Work +22 150 0.015 1x2 X/Y <190, Z < 300 U-shaped spring minimizes lateral and

out-of-plane motion; includes gap-closing
mechanism.

displacement measurements. Displacement became optically observable
under the microscope at approximately 160 V. Again, the experimental
and simulation results exhibit good agreement.

4. Discussion

Table 3 provides an overview of electrostatic rotary MEMS designs
published in the literature. Angular displacement, actuation voltages,
rotation sensitivity, and device footprint are compared.

In-plane rotary MEMS actuators have been demonstrated in a wide
range of applications, including optical beam steering, tunable lasers,
etc. However, they often require high actuation voltages. Several stud-
ies have reported different rotary MEMS structures based on electrostatic
actuation. For example, Yeh et al. [46] demonstrated a rotary comb-
drive actuator using serpentine spring suspensions that achieved angular
deflections of approximately +9° at an actuation voltage below 60 V.
While the serpentine flexures allowed large rotations at relatively low
voltages, a trade-off of this flexure design was the lateral shift of the
rotation center. According to their research, basic flexure designs such
as serpentine or straight beams can cause the center of the rotor to
move unintentionally during actuation, which may degrade rotational
accuracy in precision applications.

Amin et al. [2] developed a “virtual pivot” rotary comb actuator that
uses a symmetric linkage of rotating arms to emulate a pin joint at a
point in space. This enabled a small angular range (+1.5° at 190 V).
In a related design, the same group extended the rotating arms beyond
5 mm and mounted an external mirror, achieving about 3° rotation at
130 V. Although the long-arm actuator was large (area 2 x 1 mm?),
it provided a mechanically stable pivot for the mirror with negligible
lateral shift during motion. However, the structures exhibited an unde-
sirable amount of lateral translational motion. In another work, Zhang
et al. [50] proposed a double-clamped beam achieving 4.7° rotation at
70 V, though at the expense of a large device footprint.

Despite the wide range of actuator topologies and design optimiza-
tions discussed, it is noteworthy that none of the listed studies reported
direct experimental measurements or simulation based quantification of
the undesired lateral translational motion of the rotation center during
actuation. While many designs rely on structural symmetry or virtual

pivots to provide minimal lateral shift, this important aspect of dynamic
performance has remained unverified by measurement across the lit-
erature, to the best of the authors’ knowledge. In contrast, this work
addresses this gap by explicitly measuring the translational displacement
during rotational actuation, thus quantitatively reporting on in-plane
rotational fidelity.

Measurements indicate that the lateral unwanted translational mo-
tion is less than 42 nm in-plane and less than 300 nm out-of-plane. The
measured unwanted translational displacements along the X, Y, and Z
directions do not exactly match the FEM predictions, which is expected
given differences between the modeling assumptions and the experi-
mental conditions. In the simulations, the structure is assumed to be
perfectly symmetric with ideal material properties, uniform electrostatic
loading, and simplified boundary conditions, whereas the fabricated de-
vice can have fabrication variations, slight geometric asymmetries, and
residual stress that can impact stiffness resulting in the simulation and
experimental results discrepancies. Experimentally, the in-plane X and
Y displacements were extracted from optical microscope images using a
MATLAB pixel-difference method, where nanometer-scale motion was
measured from the number of pixels. In contrast, the out-of-plane Z
displacement was measured using a confocal laser microscope, which
directly measures surface height rather than lateral position. As a re-
sult, the same pixel-based image processing approach used for X and Y
could not be applied to the Z direction, leading to different measure-
ment resolutions between in-plane and out-of-plane data. Despite these
discrepancies, both simulation and experiment consistently confirm that
the unwanted in-plane and out-of-plane motions remain confined to the
nanometer range, demonstrating that the proposed structure maintains
a stable pivot point during rotational actuation.

The relatively high actuation voltage required for the proposed de-
vice is primarily due to the electrostatic actuation mechanism and the
relatively large gap between the comb-drive electrodes. While this volt-
age level is typical for electrostatic rotary MEMS actuators, it may
limit direct integration in low-voltage applications. Potential strategies
to reduce the actuation voltage include decreasing the gap between
comb fingers, increasing the number of fingers to enhance the elec-
trostatic force, or reducing the stiffness of the suspension springs.
However, these approaches introduce trade-offs. For example, reducing
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the gap increases the risk of pull-in instability and fabrication challenges,
whereas lowering the spring stiffness may degrade the stability of the ro-
tation center and increase susceptibility to parasitic motion. Similarly,
increasing the device size to enhance force generation may compro-
mise footprint constraints. Therefore, the current design represents a
balanced trade-off between actuation voltage, rotational stability and
device size.

Beyond angular displacement and spatial footprint, the suitability
of rotary MEMS actuators is also dictated by metrics such as energy
efficiency, reliability, and mechanical bandwidth. In terms of energy
efficiency, the proposed electrostatic actuator consumes near-zero static
power—requiring energy primarily during the charging and discharg-
ing of the comb-drive capacitance—making it highly advantageous
compared to electrothermal or electromagnetic actuators that require
continuous current flow. Regarding reliability, the use of a flexure-
based U-shaped suspension architecture entirely eliminates the physical
rubbing and friction associated with traditional pin-joint rotary hubs,
thereby mitigating mechanical wear and extending the operational lifes-
pan of the pivot center. Finally, while mechanical bandwidth (resonance
frequency) was not explicitly characterized in this study, it remains a
critical trade-off factor; any future design iterations aimed at reducing
the actuation voltage by lowering the suspension stiffness will inher-
ently reduce the mechanical bandwidth, thereby limiting the maximum
switching speed for optical applications.

Overall, the proposed actuator offers a balanced performance rel-
ative to prior electrostatic rotary MEMS designs. While it does not
achieve the largest deflections reported, it maintains competitive sensi-
tivity (0.015 ° V~1) within a compact footprint and, most importantly,
uniquely quantifies and suppresses lateral and out-of-plane unwanted
drift during rotation.

5. Conclusion

This work introduces a pivot stable, electrostatically actuated ro-
tary MEMS structure that delivers precise in plane angular motion while
suppressing parasitic translation and out of plane deflection. The com-
bination of U-shaped suspension springs with a circularly symmetric
curved comb finger architecture enables inherently balanced bidirec-
tional actuation and contributes to the high stability of the rotating
platform.

The structure achieved a maximum angular displacement of +2.2°
at 150 V, and this result was corroborated through both finite element
simulations and experimental characterization. The close agreement be-
tween measured and simulated responses indicated that the dominant
mechanical behavior was well captured. Although the analytical model
slightly overestimated the rotation, primarily due to idealizations such
as neglecting fringing fields, fabrication induced residual stress, and ge-
ometric non idealities, it remains valuable for rapid early stage sizing
and design trade studies.

A central contribution of this study was the explicit experimental
quantification of parasitic motion during actuation, which is commonly
assumed negligible and therefore is seldom reported. Measured lateral
displacements remained below 190 nm, and out of plane motion was
maintained under 300 nm, demonstrating that the structure preserved
alignment integrity under drive and was well suited for applications
with tight tolerance budgets. This behavior was also assessed using
FDTD optical simulations with hypothetical waveguides assumed on the
structure.

Overall, the device offers a compact footprint, low power electro-
static actuation, and minimal parasitic motion, making it a good candi-
date for integration into alignment critical MEMS platforms, including
MOEMS switches and RF MEMS systems.

Future work is expected to focus on reducing the actuation voltage,
improving rotational sensitivity, and integrating optical elements such
as silicon nitride waveguides onto the central platform to realize fully
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functional low loss MOEMS switches. These developments are expected
to enable compact scalable optical switching architectures relevant to
next generation data center and telecommunication infrastructure.
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