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Electrostatic-Capacitive MEMS Force Sensors:
A State-of-the-Art Review

Alessandro Nastro”, Member, IEEE

Abstract—MEMS force sensors are used in a wide range of
technical applications, spanning from industrial and biomedical
to consumer and biological fields. Due to their widespread
adoption in the market, significant efforts have been dedicated
in researching and developing various transduction principles,
sensing materials, and innovative mechanical designs. This
review summarizes the most employed transduction principles
for force sensing at the MEMS scale. Among these, electrostatic-
capacitive MEMS force sensors are particularly well-suited for
implementing closed-loop configurations, as they can integrate
both capacitive sensing and electrostatic actuation within a single
device thus keeping the system compact and favorably compatible
with integrated circuit. Accordingly, this review focuses on
the latest research in the literature on electrostatic-capacitive
MEMS force sensors operating in both open-loop and closed-loop
configurations. The working principles of both approaches are
discussed, along with their respective advantages and disad-
vantages, and a comparison of state-of-the-art sensors in terms
of resolution, sensitivity, and measurement range is provided.
Finally, the review presents future perspectives, highlighting chal-
lenges and opportunities for MEMS force sensor development.
The goal is to offer references that can aid in improving the design
and performance of novel MEMS force sensors. [2025-0166]

Index Terms—Capacitive, closed-loop configuration, electro-
static, feedback, force sensors, MEMS, open-loop configuration,
review.

I. INTRODUCTION

N the International System of Units, force is a derived unit

and is a fundamental physical measure on which many
quantities are based on. Torque, pressure, and acceleration,
to name a few, are force-based physical quantities [1] that
have driven the development of various sensors and continue
to drive advances in both traditional and emerging research
fields, including physics, electronics, and biology [2].

The demand of force sensors in the industry market is
projected to grow from USD 4.28 Billion in 2024 to USD
6.53 billion by 2032 [3]. This positive trend is also a con-
sequence of the exploitation of Micro Electro-Mechanical
Systems (MEMS) technology for force sensing. MEMS force
sensors have pathed the way to accurately measure micro-
forces, i.e. in the millinewton range and below, along with the
typical MEMS advantages such as miniaturization, low power
consumption, low cost, low weight, mass-production and chip
integration [4].

The exploitation of MEMS for force measurement has
pushed advances in different scenarios. Examples of MEMS

Received 9  September 2025; revised 20 November 2025;
accepted 5 December 2025. Date of publication 16 December 2025;
date of current version 5 February 2026. Subject Editor R. T. Howe.

The author is with the Department of Information Engineering, University
of Brescia, 25123 Brescia, Italy (e-mail: alessandro.nastro@unibs.it).

Digital Object Identifier 10.1109/JMEMS.2025.3641973

3 [0 Consuﬁ
f =0

- 1\c Induce strai
ounect
7 spindle . 1 "I
.
I/T ! M
- v MEMS FORCE

Do causionboords SENSORS:
] Applications

Biological

Biomedicaj

Fig. 1. Examples of MEMS force sensor applications. Industrial: (a) for
milling process monitoring [5] and (b) for tactile sensation in robot [6].
Consumer: (c¢) as an inclinometer [7] and (d) as a pressure sensor [8].
Biomedical: (e) as a tool for cell manipulation [9] and (f) for investigation
of cell mechanics [10]. Biological: (g) as sensors for locomotion and (h) gait
inspections of insects [11].
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force sensor exploitation in different research fields are shown
in Fig. 1. In the industrial field, they have been employed to
monitor the cutting force adopted during the milling process of
a workpiece [5] and to develop next-generation robots having
high-performance tactile sensation [6], as shown in Fig. 1a,b,
respectively. In consumer applications, a MEMS inclinometer
with electrically tunable angle sensitivity [7] and a MEMS
pressure sensor able to withstand high temperature [8] have
been developed exploiting force-based measurements as pre-
sented in Fig. lc,d, respectively. MEMS force sensors have
been successfully adopted in biomedical field to manipulate
highly deformable biomaterials in an aqueous environment
[9] and as tool for the advanced understanding of biological
cell mechanics [10] as illustrated in Fig. le.f, respectively. In
biological applications, MEMS devices for force sensing have
been employed to investigate and analyze the movement and
gait of insects [11] as shown in Fig. 1g.h, respectively.

Due to the wide spread of MEMS force sensors in the
market, considerable effort has been made in harnessing differ-
ent transduction principles, sensing materials, and innovative
mechanical designs [12].

A common point in MEMS force sensors is that force
sensing is typically achieved by converting the input force
into a displacement or defiection by means of a movable or
deformable mechanical structure characterized by a specific
mechanical stiffness [13]. The displacement or defiection
induced is then measured by employing a proper transduction
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Fig. 2. Most commonly adopted transduction principles for MEMS force sen-
sor: (a) piezoresistive [19], (b) optical [21], (¢) inductive [23], (d) capacitive
[24], (e) electrochemical [26], (f) piezoelectric [28], (g) electromagnetic [30]
and (h) magnetostrictive [32].

principle. This kind of operation is denoted as open-loop
configuration but, unfortunately, is prone to inaccuracies, range
limitations and nonlinearities due to the intrinsic necessity to
displace or defiect the sensor internal elastic structure for force
detection [14]. To overcome this issue, the employment of
an actuator can lead to a closed-loop configuration to keep
the position of the internal elastic structure fixed thus offer-
ing higher accuracy and less perturbations from mechanical
vibrations [15]. Closed-loop configuration can be expediently
implemented in electrostatic-capacitive MEMS force sensors
where the position of the internal elastic structure is sensed
and actuated electrically [16]. These sensors typically rely on a
capacitive displacement sensor and electrostatic actuators both
integrated in the same device [17].

In this context, this review highlights the latest research
developments focused on electrostatic-capacitive MEMS force
sensors. Section II introduces different transduction principles
that are typically employed in MEMS force sensors. Section III
treats the electrostatic-capacitive transduction principle by
describing MEMS force sensors available in the literature
that implement open-loop and closed-loop configurations. Sec-
tion IV accounts for conclusions and future perspectives.

II. MEMS FORCE SENSORS TRANSDUCTION PRINCIPLES

In this section the most adopted transduction principles for
mechanical force sensing in the MEMS scale are summarized
by providing examples taken from the literature.

Piezoresistive force sensors can convert a mechanical force
into a variation of electrical resistance by relying on the
piezoresistive effect, that is defined as the change of resis-
tance of semiconductors due to the applied mechanical stress
[18]. Fig. 2a shows a MEMS hardness sensor aimed for
medical applications based on a piezoresistive bridge cir-
cuit [19]. These sensors typically exhibit low production
cost at the expense of high-power consumption and low
repeatability [12].

Optical force sensors, and specifically fiber-based sensors,
relate the change in period and in the refractive index distri-
bution of a fiber grating with the external force applied to the
sensor [20]. Fig. 2b shows an all-optical frequency modulated
MEMS force sensor based on a mechanically amplified double
clamped waveguide beam structure for harsh environments
[21]. These sensors show good reliability and repeatability but
are typically marked by high production cost.

Inductive force sensors rely on the change of magnetic
coupling between a coil and a conductive force-sensitive target
[22]. An inductive tactile sensor with a chrome steel ball
sensing interface based on commercially available CMOS
process is shown in Fig. 2c¢ [23]. Inductive sensors typically
show high linearity at the cost of demanding fabrication
processes.

Capacitive force sensor relates the variation of electric
capacitance to the force applied on a movable or deformable
conductive mechanical electrode [12]. Fig. 2d shows a capaci-
tive two-axis MEMS force sensor for biological studies at the
cellular and organism levels [24]. Typically, capacitive force
sensors require low power and have high force resolution but
suffer of nonlinearities and measurement range limitations.

Electrochemical force sensors monitor changes to the ionic
conduction path of current-carrying ions in the fluid register
as a change in the magnitude of the solution impedance due
to the application of an external force [25]. Fig. 2e shows
a liquid-filled parylene-based microchannel and an array of
electrodes able to monitor local variations in impedance during
mechanical deformation of the channel [26]. The design and
development of this sensor typology is demanding but in turn
it exhibits biocompatibility and adaptability for aqueous and
salty environments.

Piezoelectric force sensors detect the applied force by
converting mechanical stress to electrical charges relying on
the piezoelectric effect [27]. A force microsensor embedding
a piezoelectric sensing layer for minimally invasive surgery is
shown in Fig. 2f [28]. Due to the piezoelectric effect these
sensors are not intended for static force measurements but
exhibit high bandwidth.

Electromagnetic force sensors typically rely on the inter-
rogation of a force-sensitive resonant element by the means
of electromagnetic waves [29]. Fig. 2g shows an example of
electromagnetic interrogation of a force sensor envisioned for
the MEMS scale [30]. These sensors are still quite demanding
in the MEMS scale but are prone to wireless interrogation
approaches.

Magnetostrictive force sensors are based on materials that
exhibit magnetic susceptibility change when subjected to
external mechanical stress [31]. Fig. 2h shows a millimeter
scale magnetostrictive sensor unit that employs permanent
magnets, Fe-Ga wires, and Hall sensors for the detection of
static and dynamic forces [32]. These sensors can withstand
high mechanical overloads but, as for the electromagnetic
force sensors, their exploitation in the MEMS scale remains
challenging.

Regardless the transduction principle employed, MEMS
force sensors typically rely on a movable or deformable
mechanical structure on which the input force induces a
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measurable displacement or defiection. An enhancement in
MEMS force sensors can be achieved by not only measur-
ing the moveable mechanical structure displacement but also
actuating it to implement a closed-loop configuration. To this
extent, electrostatic-capacitive MEMS force sensors exploit
capacitive sensing and electrostatic actuation within the same
MEMS device. Capacitance can be measured and controlled
directly using standard electronic circuits, such as oscillators
or capacitive bridges [33], without requiring complex conver-
sion systems thus simplifying the design of the closed-loop
configuration and reducing costs. Moreover, in a capacitive
MEMS force sensor, the electrodes employed to measure the
capacitance can also be used to induce electrostatic forces thus
advantageously eliminating the need for separate actuators,
keeping the system compact and favorably compatible with
integrated circuit.

To this extent Section III highlights electrostatic-capacitive
MEMS force sensors comparing performances of open and
closed-loop configurations available in literature.

III. ELECTROSTATIC-CAPACITIVE MEMS FORCE SENSOR

As discussed in Section II, electrostatic-capacitive MEMS
force sensors can rely on capacitive sensing and electrostatic
actuation within the same device. Capacitive sensing is typi-
cally achieved by relating changes in the electric capacitance
between two electrodes with the external force Fey, Which
is usually exerted to a movable or deformable conductive
mechanical component that serves as one of the electrodes.
The capacitance value depends on the shapes and relative
position of the electrodes as well as on the medium in
which the electrodes are immersed [34]. The most widely
employed capacitor typology is the parallel-plate configuration
which capacitance Cs, neglecting the fringing effect, can be
expressed as:

Ci=— 6]
8

where € is the dielectric permittivity, A is the area of the
facing electrodes and g is the gap between the electrodes. Typ-
ically, MEMS force sensors based on parallel-plate capacitors
leverage on either the area or the gap dependence on Fey,
resulting in variable-gap or variable-area capacitors. Fig. 3a
shows a schematic representation of a parallel-plate variable-
gap capacitive sensor having a mechanically fixed electrode
and a movable electrode both with length /;. For variable-gap
configuration the movable electrode displacement is assumed
to be constrained to the y-direction. Fex is applied to the
movable electrode resulting in a variation of the gap. The
equivalent capacitance C, can be expressed as:
C, = etylg @)
Yo —JYQ
where yy is the initial gap, ¢, is the out-of-plane thickness and
yq is the displacement along the y-direction that is function
of Fey. Electrodes are assumed with negligible width, and the
fringe effect is neglected. The sensitivity S, defined as the
derivative of C, with respect to yq, is:
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Fig. 3. Schematic representation of a variable-gap (a) and variable-area
(b) parallel-plate capacitive sensor.

Fig. 3b shows a schematic representation of a parallel-plate
variable-area capacitive sensor having a mechanically fixed
electrode and a movable electrode both with length /. For
variable-area configuration the movable electrode displace-
ment is assumed to be constrained to the x-direction. Fey
is applied to the movable electrode resulting in a variation
of the overlap length. The equivalent capacitance C, can be
expressed as:

C, = &ty (xo + xQ) @

Yo

where yg is the fixed gap between the electrodes, xy is the
initial overlapping length, ¢, is the out-of-plane thickness and
xq is the displacement along the x-direction that is function
of Fey. The sensitivity S, defined as the derivative of C, with
respect to xgq, is:
_dC, et

= &)

S, =
‘ dxq o

Eq. (3) and Eq. (5) show that for variable-gap capac-
itive sensor the sensitivity is a nonlinear function of the
displacement that increases with decreasing the gap whereas
for variable-area configuration it is constant with varying the
displacement. Variable-area configuration has the advantage of
exhibiting a linear function between the capacitance and the
displacement and of having a fixed gap between the electrodes
thus avoiding the pull-in instability [35]. However, having a
constant sensitivity can possibly restraint the capacitance sens-
ing range being limited to the physical size of the capacitor.
The variable-gap configuration exhibits a broader capacitance
sensing range, as its sensitivity can be increased by reducing
the gap without altering the physical size of the capacitor.

Nevertheless, as shown in Eq. (2) the capacitance is a non-
linear function of the displacement, and the gap reduction can
possibly lead to pull-in instability. Despite the drawbacks of
both configurations and depending on the targeted application,
either can be employed in MEMS force sensors as a Force-
to-Capacitance Converter (FCC).

Electrostatic actuation in MEMS force sensors is typically
achieved by relying on the electrostatic force Fy induced
by applying a voltage between the electrodes of a capacitor.
Specifically, the electrostatic actuation can be observed as the
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Fig. 4. Schematic representation of a variable-gap (a) and variable-area (b)
parallel-plate electrostatic actuator.

force pulling together the two electrodes [36]. Fig. 4a shows
a schematic representation of a parallel-plate variable-gap
electrostatic actuator having the same geometrical parameters
and constraints employed in Fig. 3a. By applying the voltage
V4 between the electrodes the attractive electrostatic force Fy
is generated and changes the displacement yq of the movable
electrode. Fy can be derived from the energy E = 1/2CgV§
stored in the capacitor Cy as:

L N YR ©6)

dy Q 2 (y() - yQ)

where @, is an electromechanical conversion factor. Whereas
Fig. 4b shows a schematic representation of a parallel-plate
variable-area electrostatic actuator having the same constraints
and geometrical parameters employed in Fig. 3b. By applying
the voltage V4 between the electrodes the attractive electro-
static force Fy is generated and changes the displacement xq
of the movable electrode. Fy can be derived from the energy
E = 1/2CaV§ stored in the capacitor C, as:

dE  &tl

|Fql = g Zy: Vi=a,V] (7)

|Fal

where a, is an electromechanical conversion factor. Eq. (6)
shows that for variable-gap electrostatic actuators both the
electromechanical conversion factor and the electrostatic force
increase with decreasing the gap. This can possibly lead at
small gap to pull-in instability since the electrostatic force
is unable to overcome the elastic restoring force, that is
not shown in the schematic. While Eq. (7) shows that for
variable-area electrostatic actuator both the electromechanical
conversion factor and the electrostatic force are constant with
varying xq. This allows to electrostatic actuate the movable
electrode by exploiting a constant conversion factor which
depends only on the capacitor geometrical parameters thus
avoiding the pull-in instability. The exploitation of either
variable-area or variable-gap electrostatic actuator allows to
implement another key conversion stage for MEMS force sen-
sors that is the Voltage-to-Force Converter (VFC). FCCs and
VFCs are crucial converting stages adopted for the exploitation
of open-loop and closed-loop configurations in static-mode
force sensing.
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Fig. 6. Examples of capacitive MEMS force sensors available in literature
having a probe tip suspended by springs: (a) a six-axis MEMS force sensor
[37], (b) a MEMS force sensor with enhanced measurement range [38], (¢) a
single-axis MEMS force sensor [39] and (d) a CMOS-MEMS capacitive force
sensor for out-of-plane force measurement [40].

A. Open-Loop Configuration

Fig. 5 shows a schematic representation of a force sen-
sor exploiting an open-loop configuration. This configuration
allows to obtain as output an electrical signal which is typically
a voltage Vi, function of the input mechanical signal, i.e.,
the external force Fey. In its simplest form, the open-loop
configuration embeds an FCC and a Capacitance-to-Voltage
Converter (CVC) to convert Fey from the mechanical domain
into Vi in the electrical domain. Fig. 6 shows examples
of capacitive MEMS force sensor employed in open-loop
configuration. Fig. 6a shows a MEMS force sensor having a
3-mm long probe tip connected to a movable mass suspended
by fiexures that allow deflections and rotations along the three
axes. The displacement is sensed by exploiting both variable-
area and variable-gap capacitors [37]. Fig. 6b shows a uniaxial
capacitive MEMS force sensor that leverages on mechanical
stoppers to achieve distinctive stiffnesses and in turn different
measurement ranges and resolutions [38].

A MEMS force sensor with a bio-inspired design is shown
in Fig. 6¢ [39]. A single-axis MEMS force sensor designed
for out-of-plane measurement is shown in Fig. 6d [40].

The majority of MEMS devices designed for force
measurement, as the ones shown in Fig. 6, exhibit a probe
tip suspended by springs on which Fe is applied and a
FCC based on variable-area or variable-gap capacitors. These
devices can thus be described by exploiting the equivalent
schematic representation of Fig. 7 that includes the spring,
described by an equivalent mechanical stiffness &y, the
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Fig. 7. Schematic representation of a typical capacitive MEMS force sensor
based on open-loop configuration.

Mechanical FCcC cve
<
* e &
Fext ——(+ > < -\\'b“c | & -
— Q,g:, S 40\\‘?>
C‘D
\\/\‘ \\\
VFC
O
e e
¥

Fig. 8. Block diagram of a typical MEMS force sensor based on closed-loop
configuration.

sensing capacitance Cy which is dependent of the position xg
and the CVC. The CVC for stationary-mode force sensing
usually exploits a sensing signal v4(t), characterized by an rms
amplitude V; and a frequency f;, to generate a charge variation
proportional to the capacitance variation that is than converted
in an output voltage [41]. Due to the rms amplitude Vi the
sensing signal induces an electrostatic force Fj that results:

|Fy| = a,V? (8)

where, as described in (6) a, is the electro-mechanical
transduction factor related to the sensing capacitance Cs.
Assuming the forces as positive in the direction of the
arrows in Fig. 7 the equilibrium of forces acting on the probe
tip yields:
Fex + Fx —Fs=0 )

where Fj = kyx, is the mechanical force produced by the
spring of the MEMS device whose stiffness &, is assumed to
be constant, i.e., position independent. Usually, the values of f;
and V; are carefully selected to make F negligible compared
to other forces acting on the probe tip [42]. The external force
can thus be obtained by knowing the mechanical stiffness and
by measuring the capacitance and in turn the displacement x,,.

B. Closed-Loop Configuration

Fig. 8 shows a schematic representation of a force sensor
exploiting a closed-loop configuration. As for the open-
loop described in Section III-A, the closed-loop configuration
allows to obtain an electrical output signal Vi, function of
the mechanical input signal F.. However, the closed-loop
configuration exploits force-feedback control to nullify the
mechanical displacement of the movable mass of the device,
directly transducing forces without requiring the displacement.
Typically, the closed-loop configuration embeds a FCC and a
CVC to convert Fe from the mechanical domain into Vg in
the electrical domain. The electrical output is then provided

folded-flexure suspensions

Fig. 9. Examples of electrostatic-capacitive MEMS force sensors available in
literature based on closed-loop configuration: (a) 3D CAD view of a MEMS
force sensor [43], (b) experimental setup employed to test a double-actuator
position-feedback MEMS force sensor [44], (¢) solid model of a MEMS
force sensor with key parts identified [45] and (d) solid model of a two-axis
microactuators employed in a real-time control loop [46].

to the VFC in a negative-feedback mechanism to generate in
the mechanical domain a force that counterbalances Fey thus
nulling the displacement and providing an ideally infinite input
mechanical impedance. Fig. 9 shows examples of electrostatic-
capacitive MEMS force sensors employed in closed-loop
configuration. Fig. 9a shows the 3D CAD view of a MEMS
based force sensor that has been fabricated and tested in both
open-loop and closed-loop configuration [43]. In open-loop
configuration the sensor force-position characteristic showed
a dependency on the stiffness of the sensor flexures. Whereas,
when tested in closed-loop configuration the sensor showed
a virtually infinite stiffness thus allowing to extend the force
measurement range up to 10 uN. Fig. 9b shows the exper-
imental setup employed to test a MEMS force sensor with
double actuator position-feedback mechanism [44]. The devel-
oped MEMS force sensor employed two distinct variable-area
capacitors as VFC and a set of variable-gap capacitor as FCC.

The sensor has been successfully tested in the range from
[-217, 226] down to [-20.5, 21.4] nN showing a force sensitiv-
ity of 2.34 up to 8.43 V/uN. Fig. 9c shows a solid model of a
MEMS force sensor embedding electrostatic drivers for actua-
tion and capacitive combs for displacement sensing [45]. The
MEMS sensor has been adopted in a closed-loop configuration
capable of regulating the position of the movable mass over a
range of 40 um with a 5 nm resolution and controlling forces
up to 300 uN with a resolution of 25 nN. The MEMS sensor
in closed-loop configuration has been employed to measure
surface tension forces acting on a Wilhelmy plate tensiometer.
Fig. 9d shows a solid model of a two-axis MEMS microac-
tuators embedding a closed-loop system to extend the travel
range avoiding the pull-in effect [46]. The fabricated device
incorporates sets of parallel-plate capacitors, functioning as
VEC and FCC, within a proportional-integral-derivative (PID)
control loop to achieve the desired linear system response.
Typically, electrostatic-capacitive MEMS force sensors, as the
ones shown in Fig. 9, exhibit a probe tip suspended by springs
on which Fe is applied, a FCC and a VFC based on either
variable-area or variable-gap capacitor.
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Fig. 10. Schematic representation of a typical electrostatic-capacitive MEMS
force sensor based on closed-loop configuration.

These devices can thus be described by exploiting the
equivalent schematic representation of Fig. 10. The schematic
representation includes the spring, with mechanical stiffness
km, the sensing capacitance Cs function of x, and the CVC
which exploits the sensing signal vs(t) to convert Cs into
the voltage Vpo. In closed-loop configuration, the position-
dependent voltage V), is kept equal to the applied set-point
voltage Vpos0 by the feedback loop thanks to the ideally infinite
DC-gain of the integrator amplifier A;. The output voltage of
the integrator amplifier V, is provided to a voltage amplifier
with gain G to properly drive with the voltage V4 a VFC. The
generated electrostatic force Fyq is then able to counterbalance
Fex and in turn nullify the mechanical displacement of the
movable mass of the device. Assuming the forces as positive
in the direction of the arrows in Fig. 10 the equilibrium of
forces acting on the probe tip yields:

Fox + F — Fs — F4= 0. (10)

The electrostatic force F4 can thus be employed to counter-
balance F¢y and in turn allowing its measurement. Although
closed-loop configuration provides enhanced performances in
terms of stability and resolution in MEMS force sensor,
feedback loop alone is typically not sufficient to remove the
dependency of mechanical properties of the sensor, such as the
spring stiffness or the set working position, on measurement
range/sensitivity. To address these issues, advanced closed-
loop based techniques have been developed. In [47] the
dependency of the mechanical parameters has been removed
by using a feedback signal to actuate a second set of trans-
ducers to counterbalance the applied force. Therefore, the
range and sensitivity of the sensor become a function of
actuator parameters thus allowing greater freedom in the
design process and removing the need for the mechanical
calibration. The possibility to make the sensitivity and range
function of actuator parameters has been further investigated
in [44]. The exploitation of two independent electrostatic
actuators has allowed to obtain electrically adjustable force
sensitivity and measurement range while being independent
from the mechanical properties of the device such as the
working position and the spring stiffness.

C. Comparison of Open-Loop and Closed-Loop
Configuration

As described in Section III-A and III-B either open-loop
or closed-loop configuration allow to transduce the mechan-

ical signal, i.e. the external force, into an electrical signal,
i.e., the output voltage. Therefore, both configurations are
suitable to be implemented in MEMS force sensors. How-
ever, depending on the targeted application one configuration
may offer advantages over the other in terms of sensitivity,
bandwidth, linearity, power consumption, and overall system
stability. The open-loop configuration typically exhibits several
drawbacks such as the dependence on the measurement force
range and the sensitivity from mechanical parameters, e.g.,
the spring stiffness. Specifically, spring stiffness can become
position dependent at large deformations thus introducing
nonlinearities and instabilities [48]. Furthermore, to derive the
applied external force the displacement must be measured.
By embedding capacitive sensor additional mechanical param-
eter dependency can be introduced thus leading to further
non-linearities and undesired measurement range limitations.
However, since open-loop configuration does not require force-
feedback control systems, the sensor design can be simpler and
easier to implement. The absence of components required to
implement the force-feedback loop, e.g., external circuitry or
VECs, leads to lower costs, reduced power consumption and
smaller size. The absence of feedback delays can possibly
allow open-loop sensors to exhibit a lower response time
to force changes, which can be advantageous in high-speed
applications. Conversely, closed-loop configuration allows to
maintain the MEMS mass at its initial position by means of a
feedback signal employed to balance the applied force. This
leads to a comprehensive solution that overcomes some of the
disadvantages of an open-loop configuration since it provides
more precise and reliable measurements while minimizing
nonlinearities and improving accuracy [49]. By adopting
closed-loop configuration the system becomes more robust
to perturbations from mechanical vibrations, can measures
dynamic and large-amplitude forces with better resolution and
higher stability [50]. However, the enhancement of perfor-
mances in terms of stability, measurement range and resolution
are achieved at the expenses of a higher control system
complexity, higher power consumption and bigger size.

Closed-loop configuration typically requires force-feedback
control systems capable to set the MEMS mass position.
Viable solutions have been proposed in the literature based on
PID controller able to suppress undesired in-plane excitations
[51] or to reduce the measurement noise [52]. These solutions
effectively enhance the sensor performances in terms of resolu-
tion but restraint the MEMS sensor bandwidth. Other solutions
able to bear the MEMS dynamics exploit digital control strat-
egy based on sigma-delta modulator, which can preserve all
advantages of closed-loop systems and concurrently produce
a digital output in the format of a pulse density modulated
bitstream [53].

Force-feedback control systems have been also employed to
mitigate pull-in instability, a major limitation on the measure-
ment range of capacitive MEMS sensors.

In literature several strategies have been proposed to over-
come this limitation. A current driven approach has been
proposed in [54] that allows to achieve full travel range for an
electrostatic actuator up to five times the pull-in value. In [46]
a nonlinear model inversion technique is proposed for nonlin-
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TABLE I
COMPARISON OF POSSIBLE ADVANTAGES AND DISADVANTAGES OF OPEN-LOOP AND CLOSED-LOOP CONFIGURATION

Advantages

Disadvantages

- No external force-feedback control system required
- Simpler MEMS design and smaller footprint

- Force measurement range and force sensitivity depend on the
MEMS mechanical parameters

dependency from MEMS mechanical parameters
- No direct displacement measurement of the movable
MEMS mass required

co(x)llt)ier::g(t)i]:m - Lower production cost - Susceptible to nonlinearities and pull-in instabilities
g - Reduced power consumption - Requires direct displacement measurement of the movable MEMS

- Faster response time and wider sensor bandwidth mass

- Reduced nonlinearities

- M i hanical vibrati .

ore robust aga“?“ mechanica v1brat19n§ - External force-feedback control system required
- Enhanced resolution and long-term stability . .
. o, - Higher control system complexity
Closed-loop | - Pull-in effect mitigated . .
. o e - Higher power consumption

configuration | - Minimized force measurement range and force sensitivity

- Larger overall MEMS size
- Limited bandwidth and slower response time

TABLE II
COMPARISON OF THE PERFORMANCES OF CAPACITIVE-BASED MEMS FORCE SENSORS REPORTED IN LITERATURE

Ref. | Publication year Sensitivity Estimated resolution Measurement range Configuration
[61] 2002 - 0.01 pN 490 uN Open-loop
[62] 2003 - 0.01 pN 25 uN Open-loop
[63] 2005 1.35 mV/ uN 0.68 uN + 1 mN Open-loop
[60] 2006 25 V/uN +1.25 uN Open-loop
[37] 2009 - 1.4 uN 1 mN Open-loop
[40] 2010 0.02 fF/nN 2.8 pN 1 mN Open-loop
[57] 2010 16 mV/uN 33.2nN 110 uN Open-loop
[58] 2010 - 500 pN 1 uN Open-loop
[59] 2010 - 50 pN 1 uN Open-loop
[38] 2013 - 0.4 uN +2mN Open-loop
[45] 2014 - 25 nN 300 uN Closed-loop
[47] 2014 - 7.8 nN 1.5 mN Closed-loop
[16] 2017 6 V/uN 5 nN 200 nN Closed-loop
[43] 2019 - 50 uN - Closed-loop
[44] 2020 8.43 V/uN 345 pN +21.4nN Closed-loop
[65] 2020 - 4.74 nN +211.7 pN Closed-loop
[39] 2023 0.529 aF/nN 0.4436 nN 13.83 uN Open-loop
[66] 2023 5.04 fF/N 5N Open-loop
[64] 2023 - 10.12 nN +200 uN Closed-loop
[49] 2024 - 4.67 nN +138.7 uN Closed-loop

ear electrostatic micro actuation system to overcome pull-in
instability thus enhancing the travel distance of transverse
comb drive actuators. In [55] a control system able to increase
the dynamic range and to allow operation of electrostatic
micromirrors beyond the pull-in angle is presented.

Closed-loop configuration can improve the time stability of
MEMS force sensors, which typically depends on the stability
of their mechanical and electrical parameters. Charges trapped
on the oxide layers of the electrodes can lead to electrostatic
forces even in the absence of an external bias voltage.

The amount of trapped charge fluctuates over time thereby
affecting the long-term stability of capacitive MEMS sensors.

In [56] the electromechanical stability of commercial
accelerometers was analyzed, and drift rates in the order of
0.01 %/h were reported.

Table I summarizes the advantages and disadvantages of
open-loop and closed-loop configuration. The choice between
the two configurations should be guided by a careful analysis
of the specific performance requirements and design con-
straints of the intended MEMS sensing application.

Table II compares the performances in terms of sensitivity,
resolution and measurement range of capacitive-based MEMS
force sensors employed in open-loop and closed-loop config-
uration taken from the literature.

As shown in Table II capacitive-based MEMS force sen-
sor can cover different measurement range up to units
of N while having outstanding resolution down to units
of pN.

The estimated resolution and the measurement range shown
in Table II have been plotted as a function of the publication
year in Fig. 11 and Fig. 12, respectively. The data shown from
both figures highlight that open-loop configurations have been
studied more in earlier years (2002 - 2013), with relatively
fewer recent publications.

Conversely, closed-loop systems became more prominent
after 2014, possibly indicating a shift in research likely due
to improved robustness, control, and stability. Nevertheless,
open-loop configurations allow to span different measurement
range while providing remarkable resolution compared to
closed-loop configurations.
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Fig. 11. Estimated resolution as a function of publication year of capacitive-
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Fig. 12. Measurement range as a function of publication year of capacitive-
based MEMS force sensors reported in Table II taken from the literature.

The latter appear more consistent in delivering resolutions
within 107 - 1078 N in the 10™* - 10~ N measurement range.

This trend is also observable in Fig. 13 where a trade-off
relationship between measurement range and resolution can
be inferred.

IV. CONCLUSIONS AND PERSPECTIVES

This paper has described a comprehensive review of the lat-
est research developments focused on electrostatic-capacitive
MEMS force sensors. At first, the review has summarized
the most adopted transduction working principles employed
for force sensing at the MEMS scale. Then, electrostatic-
capacitive MEMS force sensors have been discussed in detail
due to their advantage of being implementable in closed-loop
configurations without the need for complex sensing structures
or demanding actuation systems. These sensors can integrate
both capacitive sensing and electrostatic actuation within a
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Fig. 13. Measurement range as a function of estimated resolution of
capacitive-based MEMS force sensors reported in Table II taken from the
literature.

single device, making the system compact and well-suited
to be coupled with integrated circuits. The main building
blocks employed in MEMS force sensors such as the Force-
to-Capacitance Converter and the Voltage-to-Force Converter
have been described by considering both variable-area and
variable-gap configurations. The working principles of open-
loop and closed-loop configurations have been detailed, with
examples taken from the literature. Both configurations have
been analyzed in terms of sensitivity, bandwidth, linear-
ity, power consumption, and overall system stability. Their
respective advantages and disadvantages have been examined.
The open-loop configuration is more prone to non-linearities,
inaccuracies, and pull-in instabilities but offers lower cost,
reduced power consumption, and smaller size. In contrast, the
closed-loop configuration is more robust against mechanical
vibrations and provides improved accuracy at the expenses
of higher system complexity, increased power consumption,
larger size, and the need for precise tuning of the feedback
loop during calibration.

Electrostatic-capacitive MEMS force sensors are expected
to enhance their functionality across a broad range of appli-
cations. One promising direction is the ability to measure
different physical quantities and combine them to enhance
sensing capabilities. A single force sensor may simultaneously
detect multiple physical parameters, such as stiffness and
temperature, by leveraging on stacked materials or by inte-
grating multiple sensing mechanisms in the microscale. This
enables more compact and integrated solutions for wearable
devices, robotics, and biological environment. In parallel,
the exploitation of Al-enhanced signal processing may allow
to overcome traditional limitations such as non-linearity or
temperature drift. By embedding on-chip machine learning
models future MEMS force sensors could perform real-time
self-calibration, fault detection, and analysis of force signals.
An untracked path is also multi-axis force sensing at the
MEMS scale, which enables the measurement of force vectors
rather than just scalar magnitudes. Although few examples
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are already available in the literature, they often suffer from
intrinsic non-linearities and complex calibration procedures.
Advanced structural designs have the potential to enhance
3D force detection, which is critical for applications such as
biomechanical monitoring and robotic manipulation.

Finally, there is a growing interest in improving closed-loop
architectures by implementing self-tuning and fully digital
feedback systems for robustness enhancement. Together, these
advancements promise to renovate electrostatic-capacitive
MEMS force sensors into multipurpose, and high-performance
tools for next-generation sensing systems.
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