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Abstract—Microgrippers can be conveniently designed and

built as MEMS-Technology based devices for handling and
manipulating objects at a microscopic scale. In this work
is presented a microgripper equipped with curved flexure
hinges. The design is specifically studied to improve its
grasping capabilities with respect to those found in literature,
while maintaining a small overall footprint of 20 mm?, and a
well established fabrication procedure (Silicon-On-Insulator
technology). The microgripper is electrostatically actuated
through five rotary comb-drives made of interdigitated fin-
gers. Finite Element Analysis has been adopted to analyze
the system performance when voltage is applied.
As main figures of merit, the tip displacement and rotation,
the maximum stress sustained by the flexure hinges and
the maximum operating voltage (MOV) are investigated.
A tip displacement up to 39 um and a tip rotation of
about 1° were achieved at 15 V of MOV, better than other
electrostatically driven microgrippers presented in literature.
Such microgripper enables the manipulation of objects with
size ranging from a few microns to tens of microns requiring
relatively low voltage, thus suggesting its use in the field of
integrated micromanipulation and micro-surgery.

Keywords—Microgrippers, MEMS, electrostatic actuators,
Silicon-On-Insulator, finite element analysis, compliant mech-
anisms.

I. INTRODUCTION

Over the last years, there has been an increase in
demand for devices having as main features high accuracy
and precise motion control with the aim of manipulating
objects of micrometric size [1], [2]. Design, fabrication,
and control of microsystems for micromanipulation
encountered several challenges since, at the micro or
nano scale levels, many paradigms fundamental to macro-
scale engineering are no longer applicable [3]. Thanks
to the development of microelectromechanical systems
(MEMS) and the implementation of technologies derived
from microelectronics many of these issues are nowdays
overcome [4]-[7]. Among all the solutions available
for micromechanisms, research has focused on the
development of microgrippers capable of manipulating
and grasping microscopic objects (1-100um) [8]. These
devices are widely investigated as potential tools for
various applications, such as minimally invasive surgery
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[9], [10], drug delivery [11], [12] and tissue engineering
[13]. In recent years, MEMS microgrippers with diverse
shapes, actuation mechanisms, and sensing principles have
been developed [14], [15]. Actuation plays a crucial role
as it must provide the required force/torque to complete
the desired task. The literature features microgrippers
making use of several kinds of actuation, such as electro-
thermal [16], piezoelectric [17], shape memory [18], etc.
This paper focuses on electrostatic actuation because of
its rapid time response, straightforward design, extensive
versatility, and low power consumption [19], [20]. In this
work, a novel and compact electrostatic microgripper is
presented, designed to offer accurate and wide gripping
capabilities. The device relies on electrostatic forces for
actuation, using rotary comb-drives to generate the required
motion and is equipped with curved flexure hinges which
increase the range of motion, widening the microgripper’s
adaptability to various shapes and sizes of target objects.
Furthermore, implementing flexible beams as hinges [21],
[22], monolithic devices can be achieved through a
single lithographic step for the geometry definition [23].
The paper is arranged as follows. Section 2 outlines
the microgripper under investigation, including its main
features, operating principle, and manufacturing process.
Section 3 describes the finite element analysis approach
for estimating device’s performances as a function of
supply voltage. Finally, Section 4 reports and discusses
the outcomes of numerical simulations on microactuator
displacement and related gripper tip displacement, as well
as stress analysis caused by bending hinge deformation.

II. DESIGN AND WORKING PRINCIPLE

The purpose of this work is to develop a voltage-driven
microgripper able of achieve high actuation efficiency
(i.e. large tip displacement with respect to the actuation
voltage). Fig. la shows the schematic top view of the
designed microgripper. From a kinematic standpoint, two
movable links (“MOBILE”, blue in figure) are connected
to a fixed frame (“ANCHORED?”, gray in figure). The
tips’ total operating window is 120 x 150 pum?. The
movement takes place around two flexible curved beams
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Fig. 1. Device’s design. a) Schematic top view of the designed
microgripper; (b) Enlargement on the curved flexure hinge design (red in
figure); (c) Enlargement on the comb-drive fingers.

acting as rotary hinges (red in Fig. 1b) [24], [25]. These
curved beams are shaped as circumferential arcs with a
diameter of 42 pm and a width of 5 um [26]. Using
such hinges, it is possible to perform a rotational motion
around the center of the beam’s elastic weight (“O”
in figure), when the device is actuated. The presented
microgripper is operated by comb-drives, which are very
common electrostatic actuators [27], combining design
simplicity, precision, and rapid response time [28]. More
specifically, the presented structure uses ten pairs of
rotary comb-drives (five on each side), each made of 43
interdigitated fingers. This specific design is the result of
extensive studies focused on the functional characterization
of previous microgripper geometries, which confirmed that
displacement is directly proportional to the number of
active comb-drives [29]. Anchored fingers (gray in Fig.
Ic) are fixed to the frame while suspended fingers (blue
in Fig. 1c) can move in the direction of the fixed ones
when a voltage is applied, due to electrostatic force.
Every comb has 6.6pum-wide fingers and the gap between
movable and fixed fingers is 8.3 um (Fig. 1c¢). The comb-
drive finger arrays have an initial overlap of 2° in rest
position (i.e., 0 V applied). The device is designed to be
fabricated using microelectronics fabrication techniques,
on a Silicon-On-Insulator (SOI) substrate with a 40um-
thick device layer [30]. The design requirements suggested
the use of monocrystalline silicon (Si) as a structural
material, enabling a fabrication procedure based on a single
photolithographic step for the geometry definition, and on
Deep Reactive Ion Etching (DRIE) [31] for the patterning,
as vertical sidewalls are necessary for hinge bending. The
geometrical features of the device are summarized in Tab
L
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III. NUMERICAL ANALYSIS

The proposed study is based on simulations performed
with the commercial software COMSOL Multiphysics®,
incorporating Finite Element Analysis (FEA) to predict
the system’s electromechanical performance. This means
to combine the "Solid Mechanics" physics module with the
"Electrostatic” physics module to investigate the device’s
behavior when a voltage is applied. The FEA simulations
were executed using a 2D model of the microgripper
(considering 40 pum out-of-plane thickness) in order to
reduce the computational efforts, and modelling the air
surrounding the device as a free deforming domain to
simulate the electrostatic actuation physics. To improve
precision, a triangular mesh was refined in corresponding
of the thinnest elements, resulting in approximately three
million sub-domains. The simulations were carried out
using a parametric sweep of the applied voltage from
0 V to 15 V with 1 V steps. The key factors is
simulating the electrostatic actuation include the relative
permittivity of the solid and dielectric medium, as well
as the elastic modulus of the moving component. The
presented simulation model has been recursively perfected
in order to match with the outcomes of the experimental
tests on similar structures previously studied [32], [33]. as
a result, key attributes (such as the Young’s modulus of
Si [34]) were refined, allowing the implementation of a
microgripper phy-digital twin, useful for the development
and optimization of new designs.

IV. RESULTS

This section describes the outcomes from numerical
analyses used to evaluate the performance of the novel
electrostatic microgripper concept proposed in the present
study. The section is separated into two subsections that
address the displacement results as a function of supply
voltage and actuation force, as well as the stress results.
Table II highlights the key findings. It is worth noting that
these simulations assessed the actuation force, considered
as the force exerted by the comb-drives on the gripper
structure for its motion, and it depends on the number and
on the geometry of the comb fingers, and on the actuation
voltage (i.e. the voltage applied to the anchored contact
pads). It is important to distinguish the actuation force from

TABLE I
GEOMETRICAL FEATURES OF THE PROPOSED MICROGRIPPER.

Component Label Value

Thickness 40 pm
Width 6.6 pm

Finger Gap 8.3 um
Initial overlapping angle 2°
Number per comb-drive 43
Diameter 42 um

Hinge Width 5 um
Thickness 40 pum
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the gripping force, which is the force exerted on an object
being grasped by the gripper tips.

A. Displacement Analysis

Fig. 2 shows results of the simulations carried out to
study the motion of the presented device. Firstly, the
displacement of the left tip is considered when a voltage
is applied. A quadratic trend of the displacement can be
identified when it is compared with the applied voltage
(Fig. 2a). The inset of Fig. 2a shows the movement of the
tip from his rest position (framed with no color filling)
to the maximum displacement state (colored). Fig. 2b
plots the linear relationship between tip displacement and
force generated by the comb-drive actuation. A maximum
displacement of 39 um is achieved at 15 V applied voltage
(corresponding to 2 uN of actuation force). When more
than 15 V are applied, the comb-drive undergoes the
pull-in phenomenon. The comb-drive rotation was also
investigated. Fig. 3 shows the plots of the comb-drive
rotation with respect to the applied voltage (Fig. 3a) and
to the actuation force (Fig. 3b). As in the case of the
tip displacement, the pattern is quadratic when considered
as a function of voltage and linear when considered as a
function of actuation force. The inset in Fig. 3a shows the
rotation of one of the comb-drives, and it is worth noting
that the same behavior belongs to each of the combs.

B. Stress Analysis

The deformation due to the electrostatic actuation causes
mechanical stresses and strains which must be carefully
addressed with an additional study. Hereinafter is presented
an analysis of the mechanical stress induced on the
flexure hinges when applying a voltage. Fig. 4 shows
the Maximum Tresca stress distribution located in the
flexure hinge. When 15 V are applied, the Maximum
Principal Stress (MPS) is equal to 4.83 MPa, which
is three orders of magnitude smaller than the Si yield
strength (6.9 GPa). This demonstrates how such structure
is capable of withstanding the mechanical stresses induced
by the applied voltage in the whole actuation range
without exceeding its structural limits, avoiding damages
and ruptures. Tab. III shows a comparison between
the performances of the presented device with respect
to those of other solutions found in literature. The
main performances analyzed are the achievable total tip
displacement (4) of the device, evaluated as a function
of the total footprint of the device (that refers to the

TABLE II

SUMMARY OF THE MAXIMUM VALUES OBTAINED FROM NUMERICAL

SIMULATION.
Parameter Value

Actuation Force (UN) 2

Comb-drive rotation (°) 1

Tip displacement (pm) 39

Hinge stress (MPa) 4.83
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physical space or area that the microgripper occupies on
a surface), the Maximum Operating Voltage (MOV), that
is the maximum value of actuation voltage applicable
before reaching the pull-in state [35], and the actuation
force (F,.¢). Tab. III highlights how the presented device
displays a § comparable with the others, with lower MOV
and F,.. The actuation efficiency (7)) is calculated as the
ratio between d and MOV, and refers to the device’s ability
to convert the applied electrical energy, in the form of
voltage, into a desired mechanical motion, as measured
by the displacement of the microgripper tip. Here, the
achievement of a significantly larger n with respect to other
designs is clearly notable.

V. CONCLUSIONS

This paper presents a microgripper designed to achieve
large tip displacements when subjected to a an applied
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Fig. 2. a) Plot of the tip displacement with respect to the applied voltage.
The inset shows the movement (green arrow) of the TIP from his rest

position (transparent) to the position reached at 15 V (colored). b) Plot
of the tip displacement with respect to the actuation force.
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Fig. 3. a) Plot of the comb-drive rotation with respect to the applied
voltage. The inset shows the rotation (green arrow) of the comb-drive
from his rest position (transparent) to the position reached at 15 V
(colored). b) Plot of the comb-drive rotation with respect to the actuation
force.
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Fig. 4. Maximum Principal Stress (MPS) located in the flexure hinge
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TABLE III
COMPARISON OF DIFFERENT ELECTROSTATIC MICROGRIPPER
OPERATING DISPLACEMENT

. Footprint MOV Fact S n
Design
i (um?) \2) uN) | (um) | (um/V)
Beyeler
et al. [36] 7700x5600 150 493 50 0.33
Volland
et al. [37] 1250x3300 80 115.5 20 0.25
Wang
et al. [38] 3700x3700 40 25.5 36.45 0.91
Vurchio
et al. [39] 2710x4417 24 6.8 31 1.29
Pfi(’p osed | ysqoxadle | 15 2 39 260
evice

*From COMSOL simulations

voltage. Simulation results show that the microgripper is
able to reach tip displacements of 39 um when a voltage
of 15 V is applied. This result is noteworthy, as the
microgripper demonstrates high actuation efficiency with
respect to other devices found in literature with similar
footprint (see Tab. III). With regard to the mechanical stress
analysis, the device maintains its mechanical integrity, as
the MPS at the MOV is always kept orders of magnitude
below Si yield strength, thus being able to handle the
stresses induced by electrostatic actuation. The proposed
microgripper design shows promising performance in
achieving relatively larger tip displacements with relatively
lower applied voltage in comparison with the grippers
presented in literature, demonstrating also structural
reliability. The results encourage further developments and
future implementation in applications when relatively low
voltage is preferred for actuation, such as in the fields of
biological manipulation.
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