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Abstract
This paper presents an in-depth analysis of electrostatic comb drives, specifically focusing on angled finger
configurations to optimize performance for high-demand silicon photonic devices. The study contributes to the
advancement of optical microsystems, particularly for beam steering configurations, by simultaneously considering
three key figures of merit: traveling range (or displacement), force, and footprint, which are essential for achieving high
force intensity and large travel ranges. We investigate critical design parameters such as the number of fingers per
arm, their dimensions, and arm dimensions to understand their influence on actuator performance. The research also
adheres to design rules for commercially available foundries, ensuring that the proposed designs are manufacturable
and suitable for practical implementation. Our findings highlight that angled fingers significantly enhance force
intensity and travel range, providing operational flexibility essential for applications requiring a compact footprint
alongside high-force capabilities. Through detailed simulations and experimental validations, we demonstrate how
specific adjustments in comb drive configuration, like finger geometry and comb arrangement, effectively maintain
extensive travel ranges while improving force intensity. We achieved a force intensity of over 200 mN/m² through
optimized comb configurations and demonstrated how changes in configuration, even with the same finger and arm
dimensions, significantly affect the force intensity. Furthermore, we introduce correction functions to compensate for
common fabrication discrepancies, such as over-etching, enhancing the precision of manufacturing processes and
ensuring alignment with design specifications. This work establishes a robust framework for developing high-
performance MEMS actuators that balance the need for a compact footprint with stringent force and travel range
requirements in beam steering and other advanced optical applications.

Introduction
Advancements in silicon photonics have led to a

growing demand for Micro-Electromechanical Systems
(MEMS) actuators exhibiting high force, broad traveling
range, and rapid responsiveness. This demand is espe-
cially pronounced in active and tunable photonic devices,
where precise control and reconfigurability are essen-
tial1–4. In recent decades, microsystems have shown their
potential in miniaturizing and enhancing the performance
of such devices, integrating seamlessly with silicon pho-
tonics to create robust and low-power platforms5,6.
Active photonic systems, such as beam steering devices,

tunable lasers, and wavelength-selective switches, require

actuators that can generate high force within a compact
footprint while maintaining extensive travel ranges. Beam
steering, in particular, demands large travel ranges to
achieve effective angular deflection and high force inten-
sity to precisely manipulate stiff waveguide struc-
tures4,7–24. Typically, these stringent requirements entail a
traveling range above 1 µm and forces exceeding several
milli-Newtons (mN). For beam steering applications
involving continuous waveguides9, the force requirement
can reach the range of a few mN with a traveling range of
~5 µm. These constraints make the optimization of
MEMS actuators critical, as achieving high force intensity
and large displacement without increasing the device
footprint is a significant challenge. Our study addresses
these requirements by developing and optimizing elec-
trostatic comb drive actuators that enhance force intensity
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and travel range while ensuring compatibility with space-
constrained photonic integrated circuits.
A critical design consideration in the realm of photonic

integrated circuits is the selection of an appropriate
actuator influenced by the required range of movement,
force demands, and power consumption constraints.
Electrostatic comb drives, pivotal in many MEMS appli-
cations, present optimization challenges due to their high
voltage requirements and complex geometry. This
includes the number of fingers, their geometry, and the
position of movable and fixed beams, all of which sig-
nificantly impact performance and reliability4,25–28.
Typically, photonics applications require electrostatic

actuators with a small footprint and high reliability, while
high force and a large actuation range are needed for
some components. Numerous researchers have investi-
gated the optimization of electrostatic comb drives for
various applications. Several factors are targeted for
optimization, including traveling range9,29,30, force,
actuation voltage, pull-in voltage, and actuator instability.
Effective parameters commonly used to improve comb
drive performance are the number of comb fingers,
electrode spacing, comb structure spring stiffness, and
electrode geometry9,21,22,31–41.
These parameters can generally be classified into two

categories: optimizable parameters, which designers can
adjust to meet specific requirements, and fixed or system
constraint parameters, which are inherent to the system’s
design and material properties. Understanding these dis-
tinctions is vital for achieving the desired actuator
performance.

Optimizable parameters
Electrode gap
The electrode gap is instrumental in regulating the force

intensity of the actuator. Reducing the gap size enhances
the electrostatic forces, thereby increasing force intensity.
However, the influence of the gap size on the traveling
range is not straightforward and often depends on the
geometry of the electrodes. Typically, smaller gaps may
result in a reduced traveling range, except in designs like
conventional rectangular fingers where the gap size does
not directly affect the traveling range. Adjusting this
parameter is crucial for controlling the actuator’s per-
formance, particularly in terms of force generation, and
serves as a primary focus during the design optimization
phase.

Finger geometry
Building upon the adjustments in the electrode gap, the

geometry of the comb fingers further influences
mechanical efficiency and force distribution. Various
geometries, such as triangular configurations, can opti-
mize the force per unit area, enhancing how effectively the

actuator operates. Modifying the finger geometry provides
a means to fine-tune mechanical strength and actuator
efficiency, allowing for a tailored balance of these factors
to meet specific application needs. This optimization is
integral to maximizing the benefits realized from precise
electrode gap settings.

Comb and arm configuration
Extending beyond individual finger adjustments, the

overall arrangement and assembly of the combs and arms
are crucial in defining the mechanical properties and
performance of the actuator. By varying this configura-
tion, designers can manipulate aspects such as stiffness
and force output, thereby enhancing specific performance
metrics. This flexibility in the structural layout allows for
comprehensive optimization, aiming to exploit the full
potential of adjusted electrode gaps and optimized finger
geometries. Such holistic design considerations ensure
that the actuator meets precise operational requirements
without altering the fundamental material properties of
the system.

Fixed or system-constraint parameters
Restoring mechanism
The restoring mechanism, typically a spring-like struc-

ture, works in conjunction with the comb frame to return
the actuator to its original position after deflection. This
mechanism, along with the comb frame that supports the
arms and fingers, is critical for maintaining the actuator’s
stability and reliability. The design specifications for these
components are usually fixed to ensure consistent per-
formance, thus limiting opportunities for modifications.
Together, the restoring mechanism and comb frame form
an integral part of the actuator, essential for its effective
operation and mechanical integrity.

Dielectric constant
This parameter is defined by the materials used in the

comb drive’s construction and influences electrostatic
force generation. Alterations to the dielectric constant
would require changes in material properties, which may
not be feasible within the constraints of current designs.

Driving voltage
The necessary driving voltage is dictated by the overall

design and operational needs of the MEMS device. It is
considered a fixed parameter as reducing the voltage
could undermine the actuator’s performance, especially
concerning force output and travel range.
In conclusion, while optimizable parameters such as

electrode gap, finger geometry, and comb and arm con-
figuration provide flexibility for enhancing actuator per-
formance, fixed parameters like the restoring mechanism,
dielectric constant, and driving voltage pose constraints
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that must be carefully managed. Striking an optimal bal-
ance between these parameters is essential for the devel-
opment of efficient and reliable MEMS actuators for
advanced silicon photonic applications.
Figure 1a provides an overview of the design para-

meters of comb drives and their impact on performance,
underscoring our objective to holistically improve the
comb drive configuration and finger geometry design for
mechanical actuation in photonic devices. It is important
to note that changing each comb drive parameter has
pros and cons, depending on the application. For
instance, increasing the number of comb fingers to
generate more force will increase the overall device
footprint, and the comb structure will become more
complicated. Alternatively, softening the springs to
decrease the driving voltage might cause less lateral
instability34. Comb drive configuration and finger geo-
metry could be two factors that can improve electrostatic
actuator performance without compromising other
criteria.

Angled electrodes in electrostatic comb drives
A particularly interesting evolution in designing finger

geometry is the advent of tilted angle electrodes, enhan-
cing efficiency and effectiveness in various applica-
tions31,41,42. This section discusses recent advances and
findings in the field, drawing upon a selection of pertinent
literature.
In 2015, Gao et al.34 proposed a double-tilt electrostatic

comb-drive actuator for MEMS switches. This actuator
has a short overlap length and two tilted finger parts with
different tilt angles and reduces pull-in voltage by 25%
compared with the rectangular comb-drive actuator. The
switching performance was also improved using a tilted
parallelogram clamped beam.
In 2019, Bian et al.32 developed a microswitch using

comb drives. A triangular finger geometry is used to
increase driving efficiency. Also, integrating the combs
into the microcantilever decreases the mass and area of
the device and improves the speed response and pull-in
voltage.
However, despite these advancements, the intricate

interplay between the physical geometry of actuators
and their operational efficiency in terms of force, foot-
print and traveling range has not been extensively
explored. This gap is particularly evident in the study by
Hoffmann et al.31, which investigated triangular elec-
trode structures for electrostatic energy harvesting.
Their findings indicated that the angle of the electrodes
is a pivotal design parameter and that triangular elec-
trodes offer larger capacitance changes per unit dis-
placement and total capacitance change than other
designs. Their analysis did not extend to considerations
of the footprint and traveling range which are

important, especially in the context of silicon photonics,
where device miniaturization and efficiency are
paramount.
In 1998, Rosa et al.43 studied the tilted finger geometry

and compared it with a regular rectangular finger. It is
shown that the force per length of the electrode could
increase by controlling the tilted finger angle. However,
the effect of finger angle change on the footprint is not
considered.
In 1988, Ye et al.44 showed that using a variable gap

design could manage the nonlinear behavior of elec-
trostatic actuators. In fact, the variable gaps will com-
pensate for the nonlinearity often caused by the
nonlinear restoring force of comb structures between
fingers.
The 2019 study by Phuc Hong Pham et al.45, marks a

significant development in electrostatic comb-drive
actuator design by the introducing of the trapezoidal-
shaped electrostatic comb-drive actuator (TECA). This
design targets higher electrostatic force intensity and
greater displacement than the conventional rectangular-
shaped actuator. The research offers a detailed analysis of
the interplay between beam stiffness and driving voltage
in TECA, employing standard SOI-MEMS technology for
its fabrication and characterization. While the findings
demonstrate TECA’s enhanced performance in terms of
larger displacement and force intensity. It is notable that
their study does not include a comparison or optimization
of the actuator footprint and traveling range. This sug-
gests potential areas for further exploration in the context
of electrostatic actuator efficiency and application-specific
adaptability.
This paper delves deeper into this particular actuator

design, aiming to optimize the triangular (TRI) finger
geometry to maximize the comb drive actuator’s force
intensity and traveling range, which is crucial for
advanced silicon photonic applications. Our study
addresses the intricate interplay between the triangular
actuator’s physical geometry and operational efficiency,
focusing on various design parameters, including the
number of fingers per arm, finger dimensions, arm length,
and width.
This study advances the field of MEMS actuator design

for silicon photonics by providing crucial insights into
selecting and optimizing electrostatic comb drive con-
figurations suitable for high-speed, high-force applica-
tions. Setting a new benchmark for high-performance
photonic integrated circuits, our research offers a
detailed roadmap for designing and implementing opti-
mized triangular finger-shape actuators. This work paves
the way for more efficient, compact, and powerful pho-
tonic systems across various applications, contributing
significantly to the development of cutting-edge
technologies.
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Fig. 1 Design and Performance Characteristics of the Triangular Comb Drive Actuator. a Comb drive design parameters and their impact on
comb drive performance11,31–34,43,48–51. b Finite element analysis (FEA) results highlighting the nonlinear stiffness of the comb drive’s mechanical frame for
varying configurations. Simulation shows the frame’s displacement when force is applied at the moving beam tip. c Graph depicting stiffness variation
with beam tip displacement. d Geometrical configuration of the triangular (TRI) comb finger, showing key dimensions for electrostatic force calculation.
e Vector decomposition of the electrostatic force. f Effect of varying finger count (Nf ) and pitch (Lf ) on fitting within a fixed actuator area, highlighting
geometric adaptability for optimizing force intensity. g Detailed view of an electrostatic actuator unit cell with triangular fingers
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Results
Structural framework and stiffness considerations
In our pursuit of optimizing the triangular finger comb

drive for high-performance silicon photonic applications,
a paramount consideration has been the balance between
force and the actuator’s footprint. We meticulously
defined a unit comb drive’s support structure adhering to
a constant footprint, vital for integrating into compact
photonic systems. This framework, consistent in overall
stiffness and footprint, ensures practical applicability,
where space or footprint efficiency is crucial.
The unit comb drive support structure is designed to

achieve low stiffness in the actuation direction while
maintaining lateral stability, all within a fixed footprint
that allows for consistent evaluation of different finger
and arm configurations. This approach ensures that all
configurations experience identical mechanical stiffness
enabling fair performance comparisons. The structure
employs single-beam and serpentine springs, which are
designed to minimize restoring forces along the move-
ment path, preventing side pull-in and deformation. The
serpentine springs, in addition to their role in mechanical
support, also serve as electrical connectors and are stra-
tegically positioned to avoid adding unwanted stiffness,
preserving the desired displacement range.
This design adheres to parameters outlined in earlier

studies, with spring dimensions such as width, length, and
placement selected according to the MEMSCAP Piezo-
MUMPS process46 design kit for both manufacturability
and performance optimization. The serpentine springs
(9 µm wide and 293 µm long) and single-beam springs
(2 µm wide and 160 µm long) were chosen to meet the
minimum fabrication requirements for structures with
and without electrical connections, respectively. While
the single-beam springs are highly compliant in the
actuation direction, they provide substantial lateral stiff-
ness to prevent instability and ensure precise actuation.
The moving beam that carries the movable arms is 40 µm
wide, ensuring sufficient rigidity to prevent bending along
its length, while the stators are designed with a 200 µm
width, the minimum required for reliable silicon release to
avoid undercut issues during fabrication. The total length
of the moving arm or stator is set to 1063 µm.
Our simulations focused on varying triangular finger

configurations and respected the constraints of this fixed
footprint and stiffness. This strategy enabled us to
enhance force intensity while remaining within realistic
device size and stability limits. Such attention to detail is
critical in evaluating the impact of changes in finger
geometry and other parameters on force intensity within
our established spatial constraints.
Complementing these design considerations, we con-

ducted simulations to ascertain the unit comb drive fra-
mework’s stiffness, the key to its mechanical behavior

under varying loads. Employing finite element analysis in
Comsol Multiphysics, we captured the nonlinear stiffness
characteristics intrinsic to MEMS actuators. This process
was crucial to understanding how stiffness varies with
displacement, a decisive factor in the actuator’s opera-
tional performance.
To ensure practicality and manufacturability in our

design, we aligned our simulations with real-world fabri-
cation constraints, considering minimum dimension
requirements and spacing for electrical wiring and
structural stability.
In this study, the design adheres to the fabrication

constraints outlined by the MEMSCAP PiezoMUMPS
process46, which utilizes a 10 µm Silicon-on-Insulator
(SOI) platform. Specifically, the minimum feature size for
straight structures is set at 2 µm, while angled designs
require a minimum gap of 3 µm to ensure successful
patterning and prevent fabrication defects. Additionally,
the minimum silicon layer width for free-standing struc-
tures is set at 9 µm to ensure adequate structural support
and avoid undercut issues. Stator width is defined at a
minimum of 200 µm to accommodate deep trenching,
while the moving beams and serpentine springs are con-
figured to maintain flexibility and prevent lateral
instability. These constraints ensure that the device design
is manufacturable and compliant with standard micro-
fabrication processes, preserving both electrical func-
tionality and mechanical stability across all actuator
configurations.
These factors played a crucial role in developing a

design that was both solidly grounded in theory and
practical for production in a MEMS manufacturing set-
ting. The stiffness versus displacement curve, a crucial
part of our design process, is detailed in Fig. 1c illustrating
the stiffness characteristics of the unit framework under
simulated conditions. This figure and our comprehensive
simulation approach provide a solid foundation for our
optimized design, highlighting the mechanical integrity of
our triangular finger comb drive design within the strin-
gent requirements of silicon photonics.

Theory and finger angle selection
In optimizing the design of MEMS actuators, the tri-

angular finger configuration is particularly effective due to
its force intensity, a pivotal factor for performance. For
the electrostatic force assessment, we initiate by con-
ceptualizing each triangular finger’s flank as an inclined
segment of a parallel plate system. In commencing our
analysis, we dissect the triangular finger’s electrostatic
forces into their primary components. Figure 1e reveals
that the lateral forces along the x-axis from each side of
the finger cancel each other. Consequently, it is the
components along the y-axis that drive the actuator’s
motion. This leads us to the equation representing the
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force exerted by a single flank of the triangular finger,
which is pivotal to our analysis:

F ¼ ε0εrhbV 2

2c2
ð1Þ

In this expression, F represents the electrostatic force
between the parallel plates of one triangular finger flank.
The symbols ϵ0, ϵr , h, V , c, and b denote the vacuum
permittivity, relative permittivity, electrode thickness,
applied voltage, electrode gap, and effective electrode
overlap, respectively (Fig. 1d).
The gap between the electrodes, denoted as c, is

determined by the vertex half-angle (α) and the distance
(d) between the tips of the triangular electrodes. The
electrode overlap is defined based on the α; d and finger
pitch (Lf Þ:

c ¼ d sin αð Þ ð2Þ

b ¼ Lf
2 sin α

� d cos α ð3Þ

By integrating the value of c and the electrode overlap b,
then incorporating these into the prior equation, we arrive
at the following expression for the electrostatic force on
each side of the triangular finger:

F ¼ ε0εrhLf V 2

2d2

1

2 sin3 α
� d cos α

Lf sin2 α

� �
ð4Þ

Here, Lf indicates the finger pitch. This nuanced
equation is the cornerstone for deriving the total driving
force Fy:

Fy ¼ ε0εrhLf V 2

2d2

1

sin2 α
� 2d cot α

Lf

� �
ð5Þ

The derived equation for the triangular finger force
separates into two principal components: the inherent
electrostatic force found in parallel plate configurations
and an gain factor resulting from the triangular geometry.
This factor increases as the electrode angle decreases,
improving actuator efficiency within the defined
travel range.
Additionally, the triangular finger’s design inherently

minimizes the space between electrodes, thereby enhan-
cing electrostatic force for certain travel distances. It
brings to light how the angle α plays a crucial role in
optimizing electrode separation. Fine-tuning this angle,
alongside the finger dimensions, allows for precise control
over the actuator’s travel range, signifying a central aspect
of actuator design optimization α in maintaining minimal
gaps between electrodes which is a distinctive feature of

the triangular design. Adjusting the angle and length of
the fingers allows for the customization of the travel
range, which is a critical factor in the optimization of the
actuator design.
A pivotal aspect of our optimization study is the angle

selection for the triangular fingers. Our previous work has
shown that reducing the finger angle increases the elec-
trostatic force exponentially, a relationship depicted by a
‘gain factor’ that compares force amplification against the
angle. However, practical fabrication limitations necessi-
tate a minimal angle threshold to prevent the loss of sharp
tip features during the etching process. Consequently, an
angle of 10 degrees is chosen as it stands on the point of
maximizing force intensity while remaining feasible for
manufacturing processes. The angle we selected for the
triangular fingers strikes a balance between ideal design
theory and the realities of manufacturing. This angle
leverages the strengths of the triangular shape, notably its
capacity to maximize electrostatic force within the chosen
movement range, as supported by existing research and
practical observations.
The challenge lies in determining the most effective

balance between force intensity, traveling range and
footprint, ensuring that the triangular finger comb drive
achieves the highest performance within the specified
design parameters. Our focus on the angle of 10 degrees is
rooted in these considerations, striving to optimize the
triangular finger design for peak force generation without
compromising manufacturing practicality.

Configuration of electrostatic actuator cell with triangular
fingers
The electrostatic actuator cell with triangular fingers is

defined by a set of parameters that are essential for its
design and functionality as shown in Fig. 1g and outlined
in Table 1. The element thickness, represented by (h) in
our design, is a critical fabrication process constraint that
adheres to the silicon layer thickness provided by the SOI
technology. Alongside this, the finger separation and
stator length are also limited by the precision of the
manufacturing process, which dictates the minimum gaps
and under-etch tolerances. The triangular finger angle is
carefully chosen to balance the need for sharp tips against
the risk of losing definition during etching.
Electrode separation along y direction denoted as d, is a

dynamic variable tailored to meet the specific traveling
range required by the application. It is adjustable within
the design to ensure the actuator meets its targeted per-
formance metrics. In this study we have considered d to
be 20 µm, with the actual inter-finger gap defined as c in
Fig. 1c. However, to ensure reliable and stable actuation,
we considered the effective travel range to approximately
one-third of this gap, resulting in a design travel range of
~6 µm. This conservative design choice did not account
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for the non-linear effects in the comb drive behavior,
providing a margin of safety.
Certain design restrictions come into play to preserve

the structural integrity and operational stability of the
actuator. These include the arm width and the distance to
the next pair of electrodes, which are crucial in preventing
pull-in and lateral instability as well as preventing
unwanted electrostatic force between adjacent cells. The
moving rail length and the maximum bending deflection
are also set within specific limits to maintain the actua-
tor’s reliability under operational conditions.
Parameters available for optimization allow for fine-

tuning the actuator’s performance. The finger pitch and
the number of fingers per arm are particularly important
as they can be adjusted to maximize force intensity, which
is essential for the efficient functioning of the actuator
within the desired traveling range.
Finally, dependent parameters such as the arm length,

cell length, and cell width emerge as a result of the set
constraints and chosen variables. These parameters are
computed based on the given values and are integral to
defining the actuator’s physical geometry, directly
impacting its force generation capabilities and mechanical
behavior within the compact footprint of silicon photonic
devices.

In this paper, we adhere to a unit footprint for com-
paring different actuator designs, thereby treating the arm
length Larm as a design-restricted parameter. It is defined
by the equation Larm ¼ Nf Lf , which aligns the number of
fingers per arm and the finger pitch with the constant arm
length. This constraint is pivotal to our study, ensuring
the comparability of designs by maintaining a consistent
footprint across all configurations.
Considering the fact that Larm is constant in this study,

adhering to the restriction Larm ¼ Nf Lf the number of
fingers per arm emerges as the sole optimizable para-
meter within our design framework. Future work will
explore the implications of varying Larm to broaden the
scope of optimization and design versatility. This
adjustment aims to refine our understanding of how
changes in arm length can further influence actuator
performance.
As demonstrated in Fig. 1f, with a constant actuator

area when finger pitch (Lf ) decreases, more fingers (Nf )
will be accommodated. However, when Lf decreased the
effective electrode overlap will decrease after a point as
the d parameter remains constant and there is no elec-
trode overlap at the fingertips. Accordingly, a certain Nf

and Lf will form the optimal design for the highest force
intensity.

Table 1 Design parameters and their classification for triangular finger comb drives

Symbol Description Type Limitations Value

h Element thickness FPC SOI silicon layer thickness 10 μm

c Finger separation (Dependent) FPC c ¼ dsinðαÞ � 2 μm 3.51 μm

Lc Connection beam length between arms and mobile or fixed beams FPC � 2 μm 5 μm

Ls Stator length FPC Deep trench under etch 200 μm

α Triangular finger angle FPC Loosing sharp tips 10.12°

d Electrode separation along y direction DV Proportional to the traveling range 20 μm

d0 Arm Width DR Equal to the arm width 15 μm

d1 Distance to the next pair of electrodes DR Minimize the Electrostatic Force 18 μm

Lm Moving rail length DR Electrode lateral instability 40 μm

Dmax Maximum beding deflection DR Electrode lateral instability 0.02 μm

Lf Finger pitch OPT -

Nf Number of fingers in each arm OPT -

Larm Arm Length DP Larm ¼ Nf Lf

dL projected triangular electrodsr’s length on Y-axis DP dL ¼ Lf
2 tan α

Lcell Cell length DP Lcell ¼ Larm þ 2Lc þ 1
2 Ls þ 1

2 Lm

Wcell Cell width DP wcell ¼ 2d0 þ d þ dL þ d1

This table categorizes the various parameters influencing the comb drive design. Fabrication Process Constrains (FPC) denote fixed values determined by
manufacturing capabilities, while Design Variables (DV) are adjustable within design limits. Design Restrictions (DR) are specific DVs with additional limitations, such as
maximum bending deflection. Dependent Parameters (DP) are calculated based on other values, and Optimization Parameters (OPT) are those which can be fine-
tuned for improved performance. The table helps elucidate the relationships between these parameters, guiding the optimization process for achieving desired force
densities and traveling ranges within the structural integrity of the electrostatic actuators
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Optimizing triangular finger configurations for comb drives
In our study, the focus is not just on optimizing the

force, but on doing so within the constraints of a unit
footprint and maintaining a certain traveling range. This
necessitates a meticulous examination of the triangular
finger geometry in comb drives. By maintaining a con-
stant arm length and exploring the relationship between
the number of fingers and their pitch, we aim to maximize
force intensity within a defined spatial parameter. Crucial
to this effort is the establishment of an optimal arm width,
intricately linked to arm length, to mitigate lateral
instability in the actuator. The importance of considering
the force in a unit footprint means that every geometric
aspect of the actuator becomes significant. Therefore, a
thorough analysis is required to ascertain the best arm
width, in conjunction with a predetermined arm length
and electrode thickness. This careful calibration is aimed
at preventing the “pull-in” effect, commonly triggered by
excessive bending along the arm. Due to small gap spa-
cing between electrodes (c) (starting from ~3.5 µm and
decreasing to ~2 µm during the travel range), any lateral
movement can significantly alter the gap. When the arm
bends, it causes the very end fingers to experience
increased lateral deflection, which reduces the effective
gap (c) between the electrodes. If this gap is reduced
beyond a critical threshold, it can lead to localized pull-in
at these specific fingers. This localized pull-in can sub-
sequently trigger a cascading pull-in effect across the
entire device. This behavior is distinct from the conven-
tional vertical pull-in seen in parallel-plate actuators and
necessitates additional considerations in the design to
ensure stability during actuation.
Our methodology not only ensures the structural

integrity of the actuator but also optimizes its perfor-
mance within the specific dimensions of the unit foot-
print. The design thus balances the need for high force
intensity with the limitations imposed by the actuator’s
physical size, ensuring maximum efficiency and effec-
tiveness in silicon photonic devices.

Arm width optimization for maximum permissible deflection
In line with the primary objectives of our research to

optimize force intensity and minimize footprint, we
should determine the optimal arm width (d0) for our
triangular finger comb drives. The central constraint for
determining d0 is to ensure it’s sufficiently wide to pre-
vent excessive deflection along the length of the arm,
which could lead to undesirable side pull-in effects during
operation. To ensure operational stability and perfor-
mance within the allowable deflection limit (Dmax), it’s
imperative that the electrode gap remains above the cri-
tical pull-in threshold under dynamic conditions. This
threshold is defined as two-thirds of the initial gap (c),
forming a critical boundary to prevent mechanical failure

when the actuator is at its maximum traveling range
(δmax) and the arm is deflected.
The two-third of initial gap threshold originates from

the context of linear springs and parallel plate capacitors.
However, in our study, this definition is applied to a
localized pull-in effect caused by arm bending, primarily
affecting the last triangular finger of each arm, which
undergoes the most significant deflection (Fig. 2). The
nonlinear stiffness of the system results from a combi-
nation of the comb drive’s restoring force and the arm’s
cantilever behavior, leading to an overall restoring force
that is higher than in the linear case. In such nonlinear
systems, the stiffness generally increases with displace-
ment because the stiffness will increase nonlinearly by
increasing the displacement (Fig. 1c), making the actual
pull-in gap threshold occur at a point smaller than the
conventional two-thirds of the initial gap. We have chosen
to use the two-thirds threshold as a conservative measure
to ensure the design remains stable under worst-case
scenarios, as the actual pull-in point would be beyond this
threshold due to the increased stiffness.
To determine the relationship between arm width (d0)

and arm length for a given maximum deflection, we have
undertaken a detailed study. Each comb finger was con-
ceptualized as a point force exerted at a specific point
along the arm, resulting in a deflection (Di) due to the
force from each finger (Pi) (Fig. 2b). This deflection is
calculated as follows:

Di ¼ Pi b
2
i

6E I
3Larm � bið Þ ð6Þ

I ¼ 1
12

h d3
0 ð7Þ

Where bi represents the distance from the arm anchor
to the center of the ith finger, E is the modulus of elasti-
city, reflecting the silicon stiffness and I is the second
moment of inertia, indicating the beam’s resistance to
bending, calculated here for a rectangular cross-section
based on the arm’s thickness (h) and width (d0). For an
arm with multiple fingers, the overall deflection, which we
refer to as Dmax, is the sum of the deflections caused by
each finger:

Dmax ¼
X
i

Pi b
2
i

6E I
ð3Larm � biÞ ð8Þ

By plotting the relationship between arm width and arm
length for different acceptable deflections, as illustrated in
Fig. 2d, we can determine the necessary arm width for the
desired arm length and maximum deflection.
Our calculation baseline to determine the Dmax was

chosen conservatively, based on the configuration most
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susceptible to gap reduction upon arm deflection—a
single triangular finger per arm (Ntri ¼ 1). To assure
the reliability of the actuator, we identified a deflection
gap (c00), which is the remaining gap at the actuator’s
maximum travel range while the arm is deflected. This
gap was determined to be greater than the pull-in
threshold, thereby ensuring that the gap remains safely
above this essential margin even when the arm is fully
deflected.
Figure 2a illustrates a direct comparison of the arm’s

position, both undeflected and deflected, a critical analysis
for understanding the electrostatic interactions within the
comb drive. Initially, the electrode gap (c) without
deflection is expressed as:

c ¼ d sin αð Þ ð9Þ

Post deflection, this gap reduces to c0 and c00 where c0

signifies the reduction purely from Dmax:

c0 ¼ d0 sinðαÞ ð10Þ

d0 ¼ d � Dmax ð11Þ

For c″, which considers the gap’s further reduction
due to the arm’s angle shift, we calculate δc, the gap
decreases from the electrode tilt as a result of deflection.
Using simple angular geometry and approximating
tanðβÞ � sinðβÞ, we derive the following relationship for
δc :

δc � Dmax

2 sin α
ð12Þ

Consequently, c00 is determined by:

c00 ¼ c0 � δc ð13Þ

To calculate the maximum allowable deflection, we
assume that the actuator has already moved one-third of
the electrode distance (δmaxÞ, which is defined as fol-
lows:

δmax ¼ 1
3
d ð14Þ

Therefore the d0 at δmax would be :

d0
δmax

¼ d � δmax � Dmax ð15Þ

And inserting values for c0 and δc for the δmax traveling
range yields:

c00δmax
¼ d � δmax � Dmaxð Þ sin α� Dmax

2 sin α
ð16Þ

From the equations, it is clear that when the displace-
ment reaches δmax, ideally Dmax should be zero to prevent
side pull-in effects. However, bending in the arm is an
inherent issue. Consequently, we need to determine how
much reduction in δmax is acceptable to accommodate
some deflection, Dmax. This approach involves a trade-off
where reducing the travel range of the actuator (by
adjusting δmax) allows for a certain amount of deflection
(Dmax) without necessitating an increase in arm width
(d0). This compromise helps manage the physical
dimensions of the actuator effectively, termed as the travel
range sacrifice ratio (TRSR).
The TRSR quantifies the percentage of the initial gap

between electrodes that is consumed due to arm deflec-
tion at the actuator’s maximum traveling range. Mathe-
matically, TRSR is given by (see Fig. 2):

TRSR ¼ 1� c00
2
3 c

 !
´ 100 ð17Þ

where c is the initial gap, 23 c is the conventional threshold
for pull-in, and c00 is the final gap between electrodes after
accounting for arm bending. This metric essentially
captures how much of the critical pull-in threshold gap
is used up as the actuator reaches its maximum travel
range, thereby indicating the level of safety against pull-in
failure. By utilizing TRSR, we can evaluate the trade-off
between the desired travel range and stability of the
actuator. To select an optimal TRSR, we examined the
relationship between the arm width (d0) and the
maximum permissible deflection (Dmax), depicted in Fig.
2d. This graph demonstrates that the arm width must
increase exponentially if a very low Dmax is chosen. This
graph shows that for Dmax less than 60 nm the
corresponding arm width becomes impractically large
however it does not gain too much on the TRSR based on
Fig. 2c. Therefore we select 7% TRSR witch is corespond
to 60 nm maximum arm deflection and 19.5 um arm
width that allows for a reasonable arm width increase
without severely affecting the actuator’s mechanical
footprint.
To accommodate the challenges of sharp concave cor-

ners encountered during the microfabrication process, the
arm design was modified to incorporate rounded corners
at these crucial points. This modification effectively
increases the arm width (d0) by an additional 4.5 µm (Fig.
2e). As a result, the initial design specification of the arm
width was revised from 15 µm to a fabricated width of
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19.5 µm, ensuring that our theoretical calculations align
accurately with the arm’s dimensions after manufacturing
It is also important to consider that the actual stiffness

of the arm, due to the triangular fingers’ added, the sec-
ond moment of inertia of the arm will be greater than
what a simple cantilever model would suggest. Therefore,
by selecting Dmax at 60 nm and including a 7% TRSR, we
accommodate for more than the cantilever’s simple stiff-
ness, resulting in a more robust arm that maintains a safe
electrode gap, thereby mitigating the risk of side pull-in
across all configurations examined in our study.
In our investigation, we have carefully tailored the arm

width within triangular finger comb drives to enhance
force intensity while conforming to fixed footprint and
travel range constraints. This task extended to ensuring
reliable operation within set deflection limits (Dmax), with
an emphasis on maintaining the electrode gap beyond the
pull-in threshold to prevent mechanical failure during
operation.

Parametric analysis of electrode overlap in triangular finger
comb drives
To improve electrostatic actuator performance, under-

standing the effective electrode overlap is critical as it is
directly proportional to the electrostatic force generated
in a comb actuator of a given footprint. The intricate
relationship between finger geometry and overlap effi-
ciency is captured in our parametric study, which is cru-
cial for optimizing the comb drive configurations for
silicon photonic applications.
The effective electrode overlap per unit area is a pivotal

metric in assessing the comb drive’s force output poten-
tial. As shown in Fig. 1f, in a unit footprint as the Lf
decrease there is more electrode overlap as the number of
figures per unit footprint increases. However, we should
consider that there is no electrode overlap at the fingertip
due to increased non-overlapping fingertip areas governed
by the travel range (d) and the finger angle (α). Therefore,
decreasing the Lf could increase the effective electrode
overlap, which means electrode overlap minus the fin-
gertip part, up to a certain threshold. After a maximum
electrode overlap length, the effect of the electrode tip will
be dominant.

The effective electrode overlap for each finger would be
two times the electrode overlap at each side of the tri-
angular finger (see Eq. (3)). The following equations
provide a mathematical foundation for calculating effec-
tive electrode overlap (Ωeff ) :

Ωeff ¼ 2 b ð18Þ

According to the Fig. 3a, the area of one single finger (A)
would be:

A ¼ Lf dL þ Lf d þ 2Lf d0 ð19Þ

Then using Eq. (3) and Eq. (18) and replacing dL from
Table 1 the effective electrode overlap per area that finger
occupied would be:

Ωeff

A
¼

Lf
sin αð Þ � 2d cos αð Þ
L2f

2 tan αð Þ þ Lf d þ Lf d0

ð20Þ

The effective electrode overlap, denoted as Ωeff , is the
measure of electrode length that actively contributes to
the electrostatic force, discounting the length at the fin-
gertips that do not overlap due to the design of the
actuator. In Eq. (20), the finger pitch, Lf , is the spatial
frequency of the fingers within the comb drive, influen-
cing both the intensity of electrostatic interactions and the
physical robustness of the device. The variable d, repre-
senting the separation between fingertips, directly corre-
lates with the actuator’s travel range, defining the
maximum extent of deflection permissible without pull-
in. The half-angle of the finger, α, shapes the geometry of
the triangular fingers, thereby affecting the electrostatic
force and the overall efficiency of the actuator. The arm
width, d0, ensures the mechanical stability of the moving
parts and dictates the maximum allowable deflection to
prevent Pull-in. Lastly, A, the actuator area, encapsulates
the total operating region of the electrostatic interactions.
These equations facilitate the computational analysis

required to determine the optimal comb drive design that
harnesses maximum electrostatic force within the con-
straints of silicon photonic device footprints.

(see figure on previous page)
Fig. 3 Parametric and Analytical Evaluation of Triangular Comb Drive Electrode Performance. a–d shows the parametric influence on
effective electrode length in triangular comb drives. a Unit cell highlighting dimensions for electrode length calculation. b Effect of finger pitch
(Lf ) on electrode length across varying finger angles (α). c Impact of travel range on electrode overlap. d Influence of arm width (d0) on electrode
length, with optimal pitch marked by asterisks for design optimization. e–h shows the analytical models of triangular finger comb drive
performance. e Graph depicting displacement versus voltage for triangular finger comb drives with varying finger numbers (Nf ), illustrating the
relationship between applied voltage and the resulting displacement of the actuator. f Force intensity versus voltage for different finger counts,
demonstrating how the electrostatic force intensity scales with voltage and finger number. g A plot of force intensity versus voltage for various
numbers of fingers. h Force intensity as a function of the number of fingers per arm for different voltages, highlighting the optimization of force
intensity with the geometry of the comb drive
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Figure 3a represents the unit cell, highlighting the cri-
tical dimensions influencing the effective electrode length.
This dimensioning sets the stage for understanding how
geometry modifications affect force generation. Figure 3b
displays the relationship between the finger pitch (Lf ) and
the effective electrode length per actuator area for dif-
ferent angles (α). The peaks of the curves shift leftward as
the angle decreases, suggesting that sharper angles favor a
smaller finger pitch to maximize the effective electrode
length. For instance, at an angle of 5°, the optimal Lf is
significantly smaller compared to an angle of 20°, where
the peak is at larger Lf , demonstrating that steeper angles
are more sensitive to changes in finger pitch. Figure 3c
shows the dependency of the effective electrode length on
finger tip-to-tip separation (d), which is directly propor-
tional to the travel range. Each curve peaks at a different
Lf value, with a notable trend. As d increases, the peak
shifts towards a larger Lf . This indicates that larger travel
ranges require a less dense finger configuration to main-
tain high electrode overlap. Figure 3d illustrates the
impact of arm width (d0) on the effective electrode length.
The peaks are very close to one another, but a trend can
be discerned where larger d0 values slightly shift the
optimal Lf to a higher value. This subtle shift implies that
while arm width does have an effect, it is less pronounced
compared to the travel range or finger angle.
Each curve in the graphs is marked with an asterisk at

the point of maximum electrode overlap, signaling the
ideal finger length (Lf ) for each operational parameter.
This visual signal guides the optimization of finger pitch
in relation to finger angle, travel range, and arm width,
which is crucial for maximizing electrode overlap and
electrostatic force within the device’s footprint. These
insights facilitate precise tuning of the comb drive’s
design, enabling the achievement of optimal force inten-
sity within its operational envelope.

Analytical calculation of traveling range and force intensity
of triangular finger comb drives
In this section, we provide detailed analytical calcula-

tions for a parametric study on the force intensity of tri-
angular finger comb drives, while maintaining the desired
traveling range. These calculations form the basis for
optimizing the actuator design, ensuring that each para-
meter is tailored to enhance performance within manu-
facturable criteria. This approach ensures that the design
not only meets the rigorous demands of optical MEMS
applications in silicon photonics but also adheres to
practical fabrication limitations, promoting both feasi-
bility and efficiency in production.
In the analysis presented in this section, we build upon

the theoretical framework established earlier in this paper
to calculate the analytical results. Utilizing the derived
equations for the electrostatic force exerted by triangular

finger comb drives, specifically Eq. (5), we quantitatively
assess the force intensity under varying design parameters
while maintaining the required traveling range.
The traveling range of the comb drive is intrinsically

linked to its mechanical stiffness, characterized numeri-
cally (Fig. 1c). The interplay between the mechanical
restoring force and the electrostatic force establishes the
actuator’s maximum traveling range.

Simulation considerations for enhanced precision in
MEMS design To enhance the precision of our analytical
model, we incorporated several key considerations into
our MATLAB simulation process. Firstly, we utilized
COMSOL Multiphysics for the numerical calculation of
the comb structure’s mechanical stiffness across its entire
displacement range. This involved deriving mechanical
force values at various points, achieved through inter-
polation of the data obtained from COMSOL simulations.
Such an approach ensures a comprehensive understand-
ing of the comb drive’s mechanical behavior under
various operational conditions.
Further refining our model, we accounted for the
electrostatic forces existing between adjacent cells of the
comb drive. This includes a detailed analysis of the
interactions between moving and stationary parts of each
cell, which is critical for accurately predicting the
actuator’s performance. Additionally, our model accom-
modates the inclusion of half a triangular finger in the
count of fingers per arm. This design consideration allows
for greater flexibility in the actuator design, facilitating the
maintenance of a constant arm length while accommo-
dating an integer number of fingers. Moreover, the
displacement within the comb drive is calculated by
finding the equilibrium point where the electrostatic force
balances with the mechanical force. This equilibrium
point is pivotal in determining the actuator’s operational
efficiency and reliability.
Finally, our model incorporates the fringe field effect, as
quantified by the Palmer formula47. This inclusion is
particularly important in scenarios where fringe field
effects are pronounced, thereby enhancing the accuracy of
our electrostatic force calculations and providing a more
realistic representation of the comb drive’s performance.
These enhancements to our MATLAB simulation frame-
work are instrumental in achieving a more accurate and
reliable analytical model, essential for optimizing the
design and functionality of triangular finger comb drives
in optical MEMS applications.

Analytical results overview In Fig. 3e, f, which presents
the results of the analytical models of triangular finger
comb drives’ performance, we illustrate the relationship
between various design configurations and their opera-
tional characteristics. It is crucial to emphasize that the
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results shown in Fig. 3e, f, similar to those in Fig. 3g, h, are
derived using the specific design parameters detailed in
Table 1. For consistency in performance evaluation, the
results presented in Fig. 3e focus on 0–100 V range
corresponding to the 0–2.5 µm displacement range, which
is within the stable operating regime for all configurations.
This displacement range was chosen to facilitate a direct
comparison of force intensity trends across different
configurations while avoiding variations caused by
differences in pull-in voltage or maximum travel range.
Although each configuration can achieve larger displace-
ments depending on the applied voltage, this range
captures the performance in a controlled manner, suitable
for optimization and benchmarking. To further expand on
the travel range performance, a pull-in study is provided
in Fig. 7g, h showing the maximum travel range for each
configuration and the corresponding voltage required.
This analysis highlights that while all configurations can
reach similar maximum displacements, the designs with
higher numbers of fingers achieve these displacements at
significantly lower voltages, demonstrating their improved
efficiency and suitability for precision actuation.
Figure 3e, illustrates that, particularly near five fingers
per arm, comb drives exhibit a nonlinear to linear
transition in displacement response as voltage increases.
The linear response observed near five fingers per arm
results from the interaction between the non-linear
restoring force of the comb drive structure and the
exponential growth of the electrostatic force generated by
the triangular fingers. The restoring force, influenced by
the stiffness of the frame, increases non-linearly with
displacement. In contrast, the triangular fingers produce a
variable electrostatic force that rises exponentially with
displacement, which can be adjusted by the number of
fingers per arm. By varying this parameter, we identified
configurations (like five fingers per arm) where these
opposing non-linear effects are balanced, leading to an
approximately linear force-displacement behavior. This
linearity is maintained up to the pull-in voltage of the
design.
This optimal finger count allows for greater displace-
ment at a given voltage, indicating a design sweet spot for
maximizing efficiency. Such behavior is critical for
applications requiring precise actuation, as it suggests
the need to operate above the voltage threshold where
displacement becomes predictably linear, thus ensuring
accurate control of the actuator’s movement. An exemp-
lary application in silicon photonics where this character-
istic is especially beneficial is in tunable optical filters.
These filters, essential in wavelength division multiplexing
systems, rely on finely-tuned mechanical actuation to
adjust their passband for selecting specific wavelengths.
The linearity of actuator movement in such devices is
pivotal, ensuring predictable and precise adjustments of

optical elements, which directly translates to accurate
wavelength control. This is particularly crucial in high-
speed optical communication networks where precise
wavelength tuning and stability are essential for efficient
and interference-free signal transmission.
In Fig. 3f, g, the trend lines exhibit how force and force
intensity scale with increasing voltage for various finger
configurations. Notably, all configurations share a similar
pattern of growth, with force and force intensity
progressively rising as voltage is ramped up. However,
as shown in Fig. 3e, the selection of the operating voltage
should consider the requirement for linear displacement
within the application’s specific performance parameters.
Additionally, the variation in finger counts leads to
distinct force and force intensity characteristics, as
elaborated in Fig. 3h. Such variations must be judiciously
considered in the context of application-specific demands,
like linearity and desired force levels, to achieve optimal
actuator operation. A pertinent example in silicon
photonics is the implementation of MEMS-based Variable
Optical Attenuators (VOAs). These devices require
precise control of attenuation levels, which depends
directly on the linear response of the actuator to the
applied voltage. The variation in finger counts leads to
distinct force and force intensity characteristics. Such for
managing signal strengths in optical variations must be
carefully considered in the context of VOAs, where the
linearity in the actuator’s movement and the correspond-
ing force levels are critical for maintaining consistent
attenuation across different channels. This ensures
optimal operation of the VOAs, which is vital in
communication networks, thus enhancing the overall
efficiency and reliability of the system.

Comparing analytical models with electrode overlap
analysis Figure 3h offers a robust confirmation of our
analytical predictions, reflecting the optimal design
parameters previously established in Fig. 3a–d. Within
the confines of our unit footprint, our design strategically
accommodates an integer number of fingers, inherently
causing variations in arm’s length across different
configurations; yet it is the average arm length of
~110 µm that emerges as a standard in our models. This
length, when paired with the optimal finger pitch of 18 µm
identified in Fig. 3a–d based on the design parameters
outlined in Table 1, results in a design that accommodates
around six fingers per arm. While this number slightly
differs from the peak force intensity indicated at 5 fingers
per arm in Fig. 3e–h, this variation can be attributed to
the different theoretical approaches used in each analysis.
Figure 3a–d focuses primarily on the effective electrode
overlap, which is a key factor in the electrostatic force
generation. However, Fig. 3e–h incorporates a more
comprehensive analytical model, considering both the
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electrostatic force calculations specific to the triangular
electrode geometry and the numerically derived mechan-
ical restoring force. This comprehensive approach in Fig.
3e–h may lead to a slightly different optimal finger count
due to the inclusion of additional factors that affect the
actuator’s performance. These differences between theo-
retical models show how complex it is to optimize MEMS
comb drive designs, as they require considering many
interacting physical factors at once to get the best
performance. As we have demonstrated through rigorous
analytical calculations and studies in this section, our
model provides valuable insights into the performance of
triangular finger comb drives. In the upcoming sections,
we will delve into numerical results, further enriching our
understanding and paving the way for comprehensive
advancements in MEMS actuator performance.

Numerical simulation and analysis
To confirm our analytical calculations, we ran a simu-

lation using the Finite Element Method (FEM) in COM-
SOL Multiphysics 6.0. This approach allowed us to make
sure our predictions about the comb drive were accurate.
The simulation setup was comprehensively configured to
accurately model the behavior of the triangular finger
comb drives. Key components of the setup included:

● Geometry Configuration: The geometry was
meticulously designed to mimic the real-world
structure of the comb drives, with particular
attention to the chamfered design of the new arm,
ensuring a realistic simulation of physical
interactions.

● Material Selection: Silicon was chosen as the primary
material for the electrodes, considering its prevalent
use in MEMS technology. Air, serving as the
dielectric medium, was accurately modeled to
capture electrostatic interactions. The mechanical
and electrical properties of the materials are
obtained from the COMSOL library.

● Physics Interfaces: The model utilized a combination
of solid mechanics, electrostatics, moving mesh, and
electromechanical force physics to capture the
complex interplay of mechanical and electrical
forces in the device.

● Mesh Configuration: The entire model was meshed
with tetrahedral elements, with careful sizing to
balance accuracy and computational efficiency.
Initial Mesh sizing is 7.75 µm for maximum
element size, 0.56 µm for minimum mesh size, and
1.4 for maximum growth rate (Fig. 4).

● Parametric Sweep and Study Settings: The study
conducted a detailed parametric sweep, varying the
number of triangular fingers per arm from 1 to 15.
This allowed for a comprehensive analysis of how

the number of fingers impacts the actuator’s
performance.

In the numerical simulations depicted in Fig. 4a, we
analyze the electric field norm (the magnitude of the
electric field vector, measured in volts per meter (V/m))
across a selection of finger configurations within the tri-
angular finger comb drives, focusing on understanding
how the electric field intensity distribution varies with
different designs. The simulations were conducted for a
series of comb drives with finger counts ranging from
N= 1 to N= 15, with N= 2, 4, 6, 8, 10, and 15 specifically
illustrated to showcase the trend across the spectrum.
The results demonstrate a clear trend: as the number of

fingers increases, there is an initial enhancement in the
electrostatic force, as indicated by the more intense col-
oration representing higher electric field norms. This
increase suggests that a greater number of fingers can
enhance the overall electrode overlap area per unit area,
potentially up to a certain point. However, the trend does
not continue indefinitely. Beyond a certain number of
fingers, the force intensity does not increase proportion-
ally and may begin to plateau or even decline. This
observation points to the influence of non-overlapping
fingertip areas, which grow more significant as the num-
ber of fingers
increases, eventually impacting the effective overlap

area and thus the electrostatic force generation.
The color gradient in the electric field norm—from

blue, indicating lower intensity, to red, showing higher
intensity visually represents the electrostatic forces in
action. A peak in the gradient occurs at intermediate
finger counts before the gradual decline, suggesting an
optimal range of finger configurations for maximizing
force intensity within the design constraints. This com-
plex relationship highlights the importance of balancing
finger geometry to optimize electrostatic force generation
within the comb drive design, without committing to a
specific optimal number of fingers but rather identifying a
favorable range that aligns with the trends observed in the
analytical calculations.
Figure 4c–e presents the numerical simulation results

for the triangular finger comb drives, highlighting three
essential performance metrics. These results are critical
for corroborating the analytical models discussed earlier
in the paper. Figure 4c confirms a consistent increase in
displacement with voltage across all finger configura-
tions, affirming a direct correlation between the
mechanical response of the actuator and the applied
electrostatic forces. This trend aligns with our analytical
predictions, substantiating the model’s applicability
across various operational conditions. Figure 4d,
depicting the force versus voltage, shows an upward
trend for all finger counts, suggesting an increase in force
with voltage.
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Figure 4e, which plots force intensity against the num-
ber of fingers per arm, indicates an optimal range for
finger configurations that maximize force intensity. The
numerical simulations suggest the maximum force

intensity occurs near Nf ¼ 6 which is aligned with the
analytical model based on the electrode overlap. However,
the analytical model based on the calculation of the
electrostatic force and restoring mechanical force
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indicated N= 5. This slight variation is within the
expected range given the differences between the theo-
retical and numerical approaches. Such discrepancies can
be attributed to the greater detail and complexity
accounted for in the numerical simulations, which include
factors such as electrode edge effects and finger-tip effects
that are not as pronounced in analytical calculations. This
small change in the best number of fingers doesn’t change
the overall pattern, which both methods confirm.
In summary, the numerical simulations support the

analytical findings, with both approaches indicating a
similar trend of increasing force intensity up to a point
before it decreases. The numerical results suggest this
peak is slightly beyond Nf ¼ 5, which may influence the
final design decisions for actuators where the precise
number of fingers is a critical parameter. Such insights
will inform future optimizations and design iterations,
ensuring that MEMS actuators are tailored to their spe-
cific application requirements with the highest degree of
accuracy.

Experimental validation
To corroborate our theoretical and numerical findings,

we conducted experimental validations of the triangular
finger comb drives with varying numbers of fingers per
arm (Nf ¼ 1 to Nf ¼ 5). These experiments were crucial
for testing the real-world applicability of our models and
understanding the actual performance characteristics of
the comb drives in a physical setting.

Fabrication results
In our comprehensive analysis of MEMS comb actua-

tors, we used SEM imaging to examine the minute
architectural decisions that significantly impact perfor-
mance. Figure 5b–h affords us a detailed visualization of
these actuators at the microscale.
Section (b) offers a top-down overview, revealing a

series of actuators with incrementally increasing finger
counts, essential for comparing performance metrics
across designs. Section (c) delves into the design of the
single beam spring mechanism, captured at a 45° angle,
which is pivotal for the actuation process, providing the
necessary tension and flexibility for the moving parts.
Section (d) provides a closer examination of the sus-
pended silicon layer’s thickness from a similar angle, an
important factor in the actuator’s mechanical resilience
and electrostatic functionality.
In section (e), the actuator with four fingers per arm is

scrutinized, demonstrating the precise arrangement that
facilitates controlled movement and robust performance.
Section (f) displays a close-up view of the actuator’s top
springs and their serpentine configuration, which are not
only mechanically strategic but also critical for ensuring
consistent electrical connectivity.

Adjacent to these springs, the vernier scale is placed, a
feature paramount for quantifying the actuator’s micro-
movements with high accuracy. Section (g) looks under-
neath the actuator, showing the foundational single beam
springs from an angle that provides insight into the
structural underpinnings of the actuator’s mobility.
Finally, section (h) zooms out for a broader perspective,
placing the actuators with one and two fingers per arm
side by side.
The SEM analysis was critical for verifying the fabrica-

tion quality of the MEMS actuators, ensuring that both
mechanical structure and electrical connections met our
stringent design requirements. This level of scrutiny is
vital for confirming that the actuators perform reliably in
their silicon photonic applications, where precision is
paramount.

Experimental results
The experimental data for our MEMS comb drives

with triangular finger configurations are presented in
Fig. 6a which plots displacement against voltage for
devices with one to five fingers per arm. The trend
exhibited by the measured displacement is in general
agreement with our theoretical predictions and
numerical simulations, indicating a successful transla-
tion of the design principles into practice. However, a
notable observation is the increased displacement for a
given voltage across all configurations when compared
to the theoretical and simulated models. This dis-
crepancy suggests a more responsive actuator behavior
in the fabricated devices. To provide a quantitative
assessment of the proposed design, Figure 6h presents a
comparative analysis of critical performance metrics,
including traveling range, electrostatic force, and device
footprint. The data underscore the advantages of the
triangular comb drive configuration, achieving
enhanced force intensity and traveling range while
maintaining a compact device geometry. These
improvements highlight the potential of our design for
advancing actuator performance in electrostatic
systems.

Springs over-etch To probe the cause behind the
augmented displacement readings, we conducted a
meticulous geometric analysis using scanning electron
microscopy (SEM). The images revealed that the springs
within the device structures were over-etched, resulting in
a 20% reduction in the width of thin single-beam springs
compared to the original design. This deviation has
significant implications, as it alters the overall stiffness of
the device. Consequently, a new set of Multiphysics
simulations was carried out to derive an adjusted stiffness
function versus displacement curve for the actual
fabricated geometry (Fig. 7). These revised simulations
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corroborated the experimental findings of increased
displacement, attributing it to the reduced stiffness of
the comb drives due to the over-etching.

Incorporating the updated stiffness function, we recal-
culated the force and force intensity for the fabricated
devices, as illustrated in Fig. 6b, c. The results of these
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recalculations reveal a slight elevation in the force and
force intensity across the board, with a noticeable shift
towards designs with fewer fingers (approximately Nf ¼ 4
) for the peak force intensity. Several factors may
contribute to this observed increase in force and force
intensity. The lower stiffness resulting from over-etching
could allow for larger displacements for a given voltage
before reaching the pull-in voltage, thereby as the stiffness
function is not linear it might enhance the force exerted
for a given voltage. Additionally, electrostatic effects could
vary in actual devices due to small shape differences like
edge effects or over-etching that the simulations might
not capture.

Electrode over-etch To ensure our theoretical and
experimental findings corresponded accurately with
the actual performance of MEMS actuators, we con-
ducted a thorough investigation into the impact of over-
etching on actuator function. According to Eq. (1) the
primary parameter influencing the force generated by
the actuator, which is also associated with fabrication
discrepancies, is the gap between electrodes (c).
Equation (2) demonstrates that the electrode gap
directly depends on the parameters d and α. Therefore,
we will investigate how adjustments to these two
parameters could align the simulation results with the
actual fabrication outcomes.
To determine the necessary adjustments for the finger
angle (α), we concentrated on (η), a key parameter that
measures the electrode tips trim seen in scanning
electron microscope (SEM) images. The electrode tips
trim (η) parameter was found to increase with the
number of fingers per actuator arm, likely due to the fill
factor denoted as (ϕÞ which represents the percentage
of area that undergoes etching. To quantify this effect,
we developed an equation based on experimental
measurements and the calculation of the fill factor, as
presented in Fig. 7f. The fill factor is determined by
dividing the total etched area by the non-etched area of
each device according to the design specifications.
Consequently, η can be formulated as follows, capturing
the tip trim for designs with different numbers of

fingers:

η ¼ 6:5

106
ϕþ ηi ð21Þ

Here, ηi represents the etching observed in the design
with one finger per arm which is 3 μm. Using η, we
adjusted the initially designed angle, (α), to account for
over-etching, resulting in a new effective angle, (α0), for
each finger configuration. Figure 7b illustrates how we can
calculate the α0 based on the η, α and Lf :

α0 ¼ atan
Lf
2

dL � η

 !
ð22Þ

α0 ¼ atan
Lf

Lf cot α� 2η

� �
ð23Þ

To calculate the (α0) we presumed a straight-line etch
path from the fingertip to the adjoining concave inter-
section as depicted by the dashed black lines in Fig. 7c.
The true etch profile deviates from this assumption; red
lines indicate where the angle has broadened due to over-
etching up to a length (sÞ shown in Fig. 7e, while the green
lines denote areas where the original angle is maintained.
This led to the introduction of the over-etch impact
factor (τÞ, which corrects for the new α:

τ ¼ 2 sþ ηð Þ
b

ð24Þ

where b is given by Eq. (3) and measurement from the
fabricated devices shows that s ¼ 12 μm. Beyond five fingers
per arm, this overetch impact factor settles at 1, signifying
that the over-etching effect levels off, as corroborated by Fig.
7d for finger counts of six or greater. Thus, adding more
fingers doesn’t significantly alter the over-etching profile,
however the α1 still increasing due to the η and ϕ.
Therefor the final relation for η to calculate the
corrected angle (α1) based on Eq. (23) would be as follows:

ηðNf < 6Þ ¼ τ
6:5

106
ϕþ ηi

� �
ð25Þ

(see figure on previous page)
Fig. 6 Experimental Validation and Performance Comparison of Triangular Comb Drive Actuators. a–c Experimental results for MEMS comb
drives with triangular fingers. a Displacement vs. voltage for devices with 1 to 5 fingers per arm, showing increased displacement compared to
theory and simulation. b Force vs. Voltage, indicating higher force generation. c Force intensity vs. Number of Fingers per Arm (Nf ), peaking at Nf = 4.
Error bars denote measurement precision from three repeated tests. d–f Comparison of performance for various finger configurations and voltage
levels before and after corrections to parameters α and d. d Discrepancies between original analytical simulations and experiments. e Similar
comparison using numerical simulations. f, g Alignment of both analytical and numerical simulations with experimental outcomes after corrections,
shifting peak force densities toward designs with fewer fingers per arm. h Comparison of key performance metrics (traveling range, electrostatic
force, and footprint) for the proposed actuator design and prior configurations
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ηðNf �6Þ ¼
6:5

106
ϕþ ηi ð26Þ

We have now detailed the adjustments necessary for the
finger angle. The final parameter requiring correction to
align simulation results with experimental findings is the
gap (d). Based on experimental outcomes, after correcting
the angle, the following adjustment to (d) ensures a close
match between the simulated results and those observed
in fabricated devices.

d0 ¼ d þ η

2
� 1 ð27Þ

Here, d0 is the corrected gap for each design and varies
based on η. This adjustment reflects our observation that,
although theoretical predictions suggest the gap d should
increase by an amount equal to the electrode tip trim (η),
actual experimental results necessitate modifying this
increase by applying a coefficient and constant value to η
in our case. This modification is due to the fact that the
actual etch profile significantly diverges from the simple
straight-line model initially proposed in Fig. 7. The
precise adjustment of d using this coefficient was crucial
for aligning the theoretical model with observed results,
similar to how we introduced the over-etch impact factor
for correcting the angle (α).
As shown in Fig. 7f, we present a comprehensive
overview of the corrections applied across different
designs of MEMS actuators. This table encapsulates
critical parameters including the number of fingers per
arm, the experimentally measured and calculated tip
trims, fill factors, over-etch impact factors, corrected
effective angles, and effective finger tip-to-tip separation.
The data clearly demonstrates how adjustments based on
empirical observations and calculated corrections effec-
tively reconcile theoretical predictions with real-world
experimental outcomes. The table serves as a crucial
reference for understanding the impact of fabrication
discrepancies on the performance of MEMS actuators and
the effectiveness of our correction methodology.

Validation of correction functions To ensure that our
theoretical predictions accurately reflect the actual
performance of MEMS comb drives, we undertook a
comprehensive restimulation of the devices incorporating
the newly defined correction functions for the finger angle
(α) and the electrode gap (d). These functions were
integrated into both analytical and numerical models to
refine our simulations based on post-fabrication insights.
Figure 6 illustrates the results of these refined simula-
tions, compared across different voltage levels and
numbers of fingers. Panels (d) and (e) display the original
simulation outcomes compared with experimental data

before applying the corrections, highlighting the initial
discrepancies. Subsequently, panels (f) and (g) demon-
strate the alignment of both analytical and numerical
simulations with the experimental results after the
correction functions were applied. This process was
critical in validating the effectiveness of the corrections,
as it not only confirmed their accuracy but also fine-tuned
the parameters to achieve a more precise match between
the simulated outcomes and the actual fabrication data.
The refined simulations show a notable correction in the
peak force densities, which shifted towards designs with
fewer fingers per arm. This adjustment indicates a
significant improvement in the model’s ability to predict
physical device behavior under various operational con-
ditions. By enhancing the predictive accuracy of our
simulations, we establish a more reliable framework for
the design and optimization of future MEMS devices. This
methodical approach ensures that theoretical models can
be confidently used to predict real-world performance,
providing a solid foundation for the continued develop-
ment and refinement of MEMS technologies.

Discussion
This study introduces a sophisticated approach to the

design of electrostatic comb drives, particularly focusing
on triangular finger geometry to enhance performance
metrics critical for silicon photonic MEMS actuators. Our
research has shown that triangular finger configurations,
due to their geometric specificity, significantly augment
both force intensity and traveling range. This significant
enhancement in performance metrics, due to the unique
triangular geometry, is an aspect that previous studies in
the field have not extensively addressed11,31–34,43,48–51.
These are key parameters for high-speed, high-force
applications in photonic integrated circuits, where main-
taining high force output and extensive traveling range
within a compact area is essential4,7–24,30.
Our exploration into the optimization of comb finger

angles and dimensions within a constrained spatial foot-
print reveals that this angled approach significantly
reduces the actuator’s footprint without compromising on
traveling range and force output. This finding addresses a
critical challenge in MEMS design, especially important in
densely packed optical networks or integrated photonic
systems where space efficiency is crucial.
Moreover, our study delves into how the configuration

of fingers within the comb structure can impact overall
performance a factor seldom considered in previous
works. By experimenting with different configurations of
finger arrangements, we have identified optimal patterns
that enhance the comb drive’s operational efficiency,
highlighting the importance of detailed microstructural
design in MEMS actuators.
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A significant advancement introduced in this study is
the development of correction functions to compensate
for fabrication discrepancies such as over-etching. By
incorporating these functions during the design phase, we
ensure that the final device performance closely adheres
to the intended specifications. This strategy not only
enhances device reliability but also streamlines the tran-
sition from prototype to production by mitigating com-
mon fabrication issues that can lead to device failure or
suboptimal performance.
Despite these advancements, there remain limitations that

pave the way for future research. Our modeling assump-
tions, although robust, may not capture all real-world
operational conditions such as temperature and mechanical
stresses, suggesting that our findings, while promising, may
behave differently under varied environmental conditions.
Additionally, while our study has significantly advanced the
correction functions for fabrication discrepancies, further
refinement is possible. By iterating the design and fabrica-
tion process, we aim to enhance these correction functions
continuously, improving their ability to compensate for
manufacturing variations proactively.
Implementing chamfering at the fingertip could help

reduce tip loss and improve shape retention during fab-
rication. However, this alone may not fully mitigate over-
etching issues, as over-etching also occurs due to the
reduced silicon density at the fingertip caused by the
proximity to adjacent gaps. We prioritized maintaining
maximum electrode overlap to achieve higher force
intensity, which would be slightly compromised by
chamfering the tip. As a future consideration, chamfering
at the tip may be explored to enhance fabrication
repeatability and reliability, though this may come at the
cost of a marginal decrease in force intensity.
In future works, we will focus on implementing these

improved correction functions and on testing the scalability
of our designs by integrating these actuators into larger-
scale photonic systems to evaluate their performance in
real-world conditions. This will help in assessing the prac-
tical application of our designs in operational environments
and may lead to new insights into the adaptability of our
methods across different platforms and applications.
Our ongoing efforts will also involve targeted improve-

ments in the fabrication process itself, such as refining
etching techniques and enhancing in-process monitoring to
ensure greater adherence to design specifications. These
improvements aim to bridge the gap between theoretical
models and actual device performance, thereby increasing
the fidelity and reliability of MEMS devices.
By concentrating on these areas, we aim to advance the

field of MEMS actuators, particularly for silicon photo-
nics, where precision and efficiency are paramount. The
iterative refinement of design and fabrication methods is
expected to enhance the predictability and reliability of

MEMS devices, thereby supporting their integration into
more complex systems and applications.

Materials and methods
Fabrication
In this study, the fabrication of electrostatic comb

actuators was accomplished using the PiezoMUMPs
process46 at the MEMSCAP foundry, a variation of the
standard MUMPs process designed specifically for devices
using SOI substrates. The process began with an SOI
wafer, comprising layers of silicon (10 µm), oxide (1 µm),
and substrate (400 µm).
The procedure involved doping and annealing the sili-

con layer, followed by phosphosilicate glass layer removal
via wet chemical etching. The silicon was then patterned
and etched to the oxide layer for various mechanical and
electrical structures. A 2000 Angstroms thermal oxide
layer was grown for insulation, patterned, and etched
using a reactive ion etch (RIE).
Although the process typically includes an Aluminum

Nitride piezoelectric layer, this step was not utilized in our
fabrication. A PadMetal layer composed of chrome
(20 nm) and aluminum (1 µm) was deposited, allowing for
fine metal features. This layer was patterned using a liftoff
process but was restricted to areas not etched in the
silicon device layer due to the subsequent Deep RIE steps.
Deep RIE was used to pattern the silicon precisely. Fol-

lowing this, the wafer was inverted for bottom-side pat-
terning and etching, which defined the Substrate layer. The
final steps included removing the Buried Oxide layer in
designated regions, releasing mechanical structures through
a dry etch process, and dicing the wafers with a laser.
The SOI substrate’s use was vital for enhancing

mechanical stability and reducing parasitic capacitance,
important for high-performance and high-speed active
photonic devices that demand high force, broad traveling
range, and reliable, high-speed MEMS actuators52–54.
Figure 5i shows the cross-section of the suspended

structure and demonstrates how suspended, electrically
isolated electrodes connected via a single beam spring,
essential for dynamic actuation and structural integrity.
The corresponding SEM image validates the precision of
our SOI-MEMS fabrication, aligning the theoretical
design with the manufactured device.

Experimental setup
For the execution of our experiments, we meticulously

packaged the fabricated MEMS dies, ensuring all pads
were accessible for photonics wire bonding. The dies were
enclosed in the Spectrum Semiconductor Materials, Inc.
SSM P/N CSB40457 ceramic package, which provided a
cavity size of 8.64 mm by 8.64 mm with 40 pins, perfectly
accommodating our requirements for secure and reliable
electrical connections.
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The voltage application was carefully managed with a DC
high-voltage supply. To safeguard our devices during test-
ing, we incorporated a 100 kΩ resistor in the circuit, acting
as a protective measure against any potential pull-in events
that could damage the delicate MEMS structures.
The FemtoTools FT-MTA02 Micromechanical Testing

and Assembly Station was the cornerstone of our
experimental setup, utilized for its precision handling and
imaging capabilities. The FT-MTA02 original imaging
system has a 3-megapixel CMOS USB camera and an
adjustable zoom system, providing a field of view ranging
from 15mm× 11mm down to 2.2 mm × 1.7 mm and an
optical resolution of 3 µm. However, for our measure-
ments, we need to have submicron precision to precisely
measure the actuator movement. Therefore, the original
imaging system of this device was augmented by replacing
the objective lens with a 20× objective lens, significantly
enhancing our ability to detect minute displacements
down to 0.2 µm. In conjunction with the vernier scale
design, this setup allowed us to precisely measure move-
ments with an accuracy of 0.25 µm through image pro-
cessing techniques.
The FemtoTools robotic arm and the micropositioner,

integral components of the FT-MTA02 system, were
employed to test unpackaged dies with exceptional
accuracy. A 20 µm needle was used to probe the pads of
our devices, facilitating exact voltage application for the
unpackaged dies.
Each device was rigorously tested in triplicate to ensure

consistency and reliability, informing the error bars pre-
sented in our graphs. The electrostatic force at different
voltage levels was calculated from the measured displace-
ment data, utilizing the known stiffness of the comb drives,
which was critical for evaluating the actuator’s performance.
The force intensity for each prototype was calculated using
the calculated force and the measured footprint area of the
comb drive, which is essential for assessing the efficiency of
the actuator designs. The combination of the precise Fem-
toTools FT-MTA02 system, along with the robust packaging
solution provided by Spectrum Semiconductor Materials,
enabled a highly controlled and accurate investigation into
the performance characteristics of the MEMS comb actua-
tors, crucial for advancing the field of silicon photonics.
To illustrate the experimental arrangement, Fig. 5a and

j, k displays the setup, including the high voltage power
supply, screen for displaying the vernier readings, zoom
system, packaged MEMS comb actuator, and the X-Y-
Z stage.

Conclusion and future works
Conclusion
In this study, we conducted a detailed parametric ana-

lysis of electrostatic comb drives, focusing specifically on
angled finger configurations for use in active silicon

photonic devices. Our analysis explored multiple design
parameters, such as the count of fingers per arm, their
dimensions, width, angle, and arm dimensions. We pin-
pointed configurations that optimize force intensity, travel
range, and reliability for high-speed MEMS actuators. The
experimental results demonstrate that these optimized
configurations significantly outperform traditional designs
in terms of displacement and force intensity at given
voltage levels, highlighting the effectiveness of triangular
finger comb drives in meeting the stringent demands of
advanced MEMS actuators.
We also identified critical influences of manufacturing

precision on device performance, with particular emphasis
on how over-etching can significantly alter actuator behavior.
This underscores the importance of precise manufacturing
and stringent process control. Additionally, our findings
contribute to a better understanding of the physical behavior
of MEMS devices under real-world conditions, laying a solid
foundation for further research and development.
Particularly, our study addresses the complex challenge

within silicon photonics applications that require actuators
with a compact footprint, high force, and wide traveling
range. We successfully optimized triangular finger comb
drives to simultaneously meet these conflicting parameters,
advancing the design and reliability of MEMS actuators for
high-performance optical devices. These enhancements in
design methodology and fabrication processes are crucial
for evolving the capabilities of MEMS actuators to meet the
needs of high-speed, high-precision applications across
various technological sectors.
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