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ABSTRACT

Microgrippers (MGs) are MEMS devices designed specifically for microscopic-scale object manipulation, which makes them ideally suited
for implementation in biomedical tissue manipulation applications. This work presents a novel method for estimating the grasping force
of a MG prototype equipped with electrostatic rotary comb-drives and Conjugate Surface Flexure Hinges using a cross-approach based
on both experimental and a finite element analysis. Firstly, the torque exerted by the microactuators, necessary to deform the MG has
been evaluated. The rotation of the microactuators is measured in the experimental analysis through an image analysis approach
developed by the Authors from videos acquired by a camera mounted on a trinocular optical microscope, while the hinge stiffness has
been determined using numerical simulations. This torque provided an initial estimate of the grasping force potential. Subsequently, in
order to evaluate the force that the jaws of the MG are capable of applying in grasping operations, experimental tests have been carried
out on a human hair with a diameter of (86 £ 3) um. The results obtained show that the jaws of the device apply a maximum force of

(1.42 £ 0.18) uN while grasping the hair.
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1. INTRODUCTION

Microgtrippers (MGs) are miniaturized devices that belong to
the category of Micro-Electro-Mechanical Systems (MEMS).
They are capable of grasping, manipulating, and releasing objects
with micrometric or submicrometric dimensions [1]-[4]. Their
typical size ranges from a few tens of micrometers to a few
millimeters, making them suitable for interacting with objects at
micro and nanoscopic scales. MGs can find applications in
various fields, including microrobotics, microassembly, and
biomedicine for the manipulation of cells, tissues, and
microorganisms [5]-[7]. Their versatility has lately been
demonstrated in operations such as versatile grasping and
autonomous pick-and-place [8], [9]. MGs can be considered as
miniaturized tweezers, equipped with two or more fingers

capable of moving and closing to grasp objects. Their structure
can be simple or complex, depending on the operating principle
and specific applications. The scientific literature in the field
presents several studies on MGs that use different operating
principles: piezoelectric [10], [11], shape memory alloys [12],
electrothermal [13], and electrostatic [14]. The latter is
characterized by numerous advantages such as simplicity of
design and high flexibility due to the different geometries they
can have and because the materials used in their fabrication are
biocompatible, which makes them suitable for use in biomedical
applications [15]. Despite the numerous advantages, the
literature lacks results obtained from the accurate measurement
of grasping force. This type of MG utilizes electrostatic forces to
move actuators, which can be characterized by different
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structures: lateral [16], transverse [17], and rotary comb-drives
[18]. From the literature study, the latter structure has been
shown to be the type of actuator with the highest efficiency, i.e.,
the ratio between displacement and supply voltage [14], [19]-[27].
There are several solutions for rotary microactuators, which
require a hinge for the relative motion of the movable comb with
respect to the fixed one. In the scientific literature some studies
propose a simple linear flexure beam that acts as a hinge [22],
[23]. The solution above is the simplest to design and fabricate
but it also has the drawback of producing instability in the
rotation. This is because as the supply voltage increases, the
comb-drive fingers approach each other transversally, which
could lead to microactuator failure.

Alternative solutions feature freeform geometries for the
flexure beams [27]. This type of beam, with the same actuation
voltage and radius of rotation, i.e., the distance between the
rotation centre and comb-drive fingers, exhibits significantly
greater displacement compared to straight beams. However, a
downside is that the transverse displacement of the fingers is also
accentuated. In [28], it has been demonstrated that the flexure
beam geometry that most closely approximates the ideal rotation
is the circular geometry, in which the centre of rotation of the
microactuator corresponds to the centre of the elastic weights of
the beam. In the circular geometry, with the same dimensions as
liner beams and actuation voltage, the displacement they produce
is compatible, but the transverse displacement is reduced.

Based on these considerations, the MG prototype exanimated
in the present study is equipped with Conjugate Surface Flexure
Hinges (CSFHs) [29]-[31]. Figure 1a shows a schematic of the
Device Under Test (DUT), while Figure 1b shows a detail of a
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Figure 1. Microgripper images captured by optical microscope: (a) entire
device with a schematic of the structure and (b) detail of the comb-drive and
CSFH.

portion of the MG, in which part of the -electrostatic
microactuator and the CSFH are captured by an optical
microscope. The structure features a pair of CSFHs and is
actuated by a pair of rotary comb-drives.

Recent studies have shown that the total number of CSFHs is
proportional to the energy necessary to deform the device
structure. As a result, MGs with only one CSFH pair and one
pair of electrostatic rotary-comb drives [32] demonstrated a
wider range of displacement considering the same applied
voltage than MGs composed of a double four-bar linkage with
multiple CSFHs [33] and that the displacement is proportional to
the number of microactuators [34]. On the other hand, the
trajectory of the jaws is not linear but follows a circumferential
arc as opposed to four-bar linkage-based devices.

In this context, the present work focuses on a CSFH-based
MG equipped with only one CSFH pair, with the aim to
investigate the mechanical behaviour of the hinges through
experimental analysis, and Finite Element Analysis (FEA). In
particular, the torque exerted to deform the flexure hinges and
the grasping force in manipulation tasks have been estimated.

The torque has been evaluated by a cross-approach based on
experimental image analysis [35], and finite element analysis [36].
The experimental analysis has been carried out through the
analysis of images obtained from an optical microscope equipped
with a high-resolution camera and a measurement procedure
developed ad hoc by the authors in MATLAB environment to
evaluate the kinematic characteristics of the device. In particular,
the angular displacement of the comb-drives and gripper tips
have been evaluated as a function of supply voltage values. These
results have been considered as a reference for numerical
simulations that have been used to evaluate the stiffness
coefficient of the curved beams of the CSFHs. This analysis is
mandatory to estimate the force that the microgripper is able to
apply on a manipulated object. This issue is critical for ensuring
precision and safety during micromanipulation operations, as
torque assessment allows for the measurement of force between
the two MG jaws [37]. In the present work, human hair has been
used as the object to grasp [38].

The present work is organized as follows. Section 2 describes
the components of the experimental setup, their main
characteristics, and the main steps of the displacement evaluation
through image processing and numerical simulations, both for
the preliminary analysis for the torque assessment and the
estimation of the grasping force using the hair. In Section 3 the
analysis of the uncertainties involved during the experimental
tests has been carried out, while Section 4 presents the results
obtained from the estimation of the torque and grasping force.
Finally, in Section 5 a summary of the findings and directions for
future research is reported.

2. MATERIALS AND METHODS

The DUT is a rotary comb-drive actuated MG prototype
equipped with CSFHs [39], [40] that has been fabricated
monolithically by the Deep Reactive Ion Etching (DRIE)
process on SOI (Silicon-On-Insulator) wafer with a rigid
aluminium mask [41]-[43]. The main geometrical characteristics
of the device are listed in Table 1.

To evaluate the grasping force, a kinematic characterization
of the device has been first performed, measuring the
displacements that the MG is able to achieve as a function of the
supply voltage, when it does not perform manipulation
operations and the jaws are free to move.
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Table 1. Microgripper main design specifications.

Table 2. Experimental setup main components.

Component Symbol Value Device Characteristics
Device | thick b 40 Ampli : + 10 V peak-to-peak
ev.|ce aYer ic nes's um Sl R e B BEnEEier mp |tude. Oto + 10V peak-to-peak,
SOl Wafer  Buried oxide layer thickness 5 um Frequency: 0.01 pHz to 5 MHz
Handle layer thickness 400 um Power amplifier Amplitude: 0to £ 20V
Number of CSFH 2 9 e sl Voltage.: Oto30V
Curved beam length 252 B O P S
& um Light microscope Zoom: 16x, 20x, 40x, 60x, 80x, 100x
Curved beam width h 5 pum
CSFH . . Microositioners Travel range (X/Y/Z): 10 mm
Neutral axis curvature radius n 62.5 um P Screw resolution (X/Y/Z): 500 um
Curved beam subtended angle o 240.9° 23.3 MP, sensor size %.3 in,
Conjugate surfaces clearance 2 um Video camera maximum video resolution, and fps:
Number of fingers per comb-drive 64 4K (3840 x 2160 pixel) at 120 fps
Finger distance 10 um Vi p . £t In-house algorithm implemented in
Rotor-Stator finger distance 3 um tdeo Processing software Sl e P IO
. K . Intel® Core i7-11370H, 32 GB RAM,
Comb-drive ~ Finger width 4um pC NVIDIA® RTX™ 3050 Ti
Finger minimum length 38 um
Finger maximum length 151 pm . . . .
o : . simulating the angular displacement of the microactuator as a
Initial overlapping angle 2

Several experiments have been conducted to determine the
angular displacement of the comb-drive. In particular, videos of
the DUT have been acquired through a trinocular optical
microscope fitted with a video camera at different magnification
levels [44]. The videos have been processed using a MATLAB-
developed measurement procedure [32], [33]. The experimental
analysis aims to measure the actual angular displacement of the
microactuator, while FEA can be used to estimate the stiffness
coefficient of the curved beam. From the angular displacement
and the stiffness of the CSFH the torque required by the actuator
to deform the structure is evaluated. A finite element model has
been implemented in COMSOL Multiphysics by numerically
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Figure 2. Schematization of test conditions: (a) MG free to move, to evaluate
the comb-drives angular displacement Otree, (b) MG performing hair grasping
in which tip displacement and rotation Ograsping are measured. (c) 3D rendering
of the hair grasping test.

function of the electric potential to evaluate the stiffness
coefficient. The outcomes of the experimental phase served as
the starting point for the numerical simulations that have been
performed. This has made it possible to evaluate the CSFH’s
stiffness taking into consideration the same comb-drive rotation
and the supply voltage used for the experimental actuation of the
DUT.

Finally, to provide an example of grasping force assessment
in operational conditions, some experimental tests have been
conducted on a human hair: once the contact between the jaws
and the hair occurred, the displacement values have been
assessed necessary to evaluate the resisting torque, while for the
driving torque, the values previously obtained for each supply
voltage value have been used. Figure 2 shows a schematic of the
test conditions in which the MG can move freely and in which it
performs hair grasping. Figure 2a shows the test condition in
which the MG is free to move and in which the displacements of
the main components, i.e., tip displacement and comb-drive
rotation (19&55) have been evaluated. Similarly, Figure 2b shows
the test condition in which the MG performs hair grasping and
in which the tip displacement, up to the hair contact, and the
angular displacement of the microactuators (Jgusping) have been
evaluated.

2.1. Kinematic characterization

The angular displacement of the microactuators has been
determined by processing videos obtained using a high-
resolution and framerate camera installed on a trinocular optical
microscope. Different magnification levels have been set to
acquire both the CSFH and the free end of the comb-drive at
80X, and the entire comb-drive at 40X.

The power instrumentation, which consisted of a function
generator, a power amplifier,
positioning tungsten needles that power the MG via contact, as
well as the image acquisition instrumentation [44], which consists
of a trinocular optical microscope with a video camera, comprise
the experimental setup used to carry out the experimental testing
of the DUT. The main components’ specifications are
summarized in Table 2. A trapezoidal ramp signal with a peak-
to-peak amplitude between 0 and 20 V and a period of 2 s has
been set into the power instrumentation. This kind of waveform
as a power signal ensures that the DUT has a phase in which it
remains stationary in both the neutral and maximum

and micropositioners for
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displacement positions. Acquired videos were long enough to
capture at least 30 periods of the power signal.

Data has been processed and analysed through a
measurement procedure developed in MATLAB to estimate
displacements of regions of interest via video tracking of virtual
markers identified by SURF features detection [45].

Conversely, in order to measure the displacement required to
grasp the hair, a manual sweep of the supply voltage has been
applied using a DC power supply in the range of 0-27 V, with a
step of 1 V. The actuation voltage value is due to the fact that
already at 27 V a closure of the jaws is reached sufficient to grasp
a hair and to remain below the pull-in voltage which has been
estimated above 28 V [46]. Subsequently, the acquired image
series have been processed with the abovementioned virtual
marker tracking procedure.

2.2. Curved beam stiffness estimation

Numerical simulations have been carried out using COMSOL
Multiphysics software. To minimize computational costs, FEA
simulations have been conducted using the MG’s bidimensional
model, to which an out-of-plane thickness of 40 um has been
applied. In particular, the CAD drawing used to make the
aluminium hard mask during the fabrication process constituted
the source of the 2D model for numerical simulations. To this
aim, both the Solid Mechanics and the Electrostatics modules
have been included. The first has been used to simulate the
deformation of the structure and especially the CSFHs, while the
second one to reproduce the actual MG operating principle and
to model the electrostatic forces involved.

The air surrounding the DUT as a free-deforming domain has
been included in the numerical model to make the simulation of
the comb-drive electrostatic actuation even more realistic. In
addition, to capture the intricacies of the comb-drive micro-
features and air interaction, the mesh has been optimized, and
considering large deflections, non-linear effects have been
included. The numerical model used <100> silicon as the device
material, matching the real-world prototype, and the Young’s
modulus has been set in line with the values in [47]-[49].

The stiffness coefficient & can be estimated as a first
approximation by considering CSFHs as homogeneous, linear
elastic beams with uniform, rectangular cross sections and
assuming the bending moment to be constant [50], [51]:

_1Ebi
12 na’

©)

where E is Young’s modulus of the silicon, & indicates the device
thickness, while /4 is the curved beam width, 7, is the neutral axis

curvature radius, and « is the subtended angle by the latter.
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Figure 3. Schematization of the system of forces and torques present during
the grasping tests.

2.3. Grasping force analysis

Since in the first phase of experimental tests, the DUT could
move freely, i.e., it did not perform any manipulation operation,
each position reached by the MG can be considered as an
equilibrium condition between the torque exerted by the
electrostatic actuator and the resistant torque due to the elastic
behaviour of the CSFH. In this way, the actuation torque (7) can
be evaluated as:

T = K Vfree @)

whete £ and Ufree indicate the stiffness coefficient of the CSFH
and the microactuator angular displacement, respectively.

In order to assess the grasping force, it can be considered the
condition shown in Figure 3. By observing the electrostatic
torque that the actuator can apply and the resisting torque of the
hinge, the following relationship can be considered:

T = Kk Ugrasping + F £sinp, (3)

whete Ggrasping indicates the comb-dtive rotation when the MG
grasps the hair, Fis the force due to the interaction between the
jaw and hair, € is the arm length between the point of force
application and the centre of rotation, and g indicates the
subtended angle. Therefore, the force applied by the individual
jaw can be evaluated as:

T—k 19grasping (4)
£sinfp

The total grasping force will be given by the sum of the forces
applied by both jaws.

Furthermore, by using the finite element model implemented
to estimate the stiffness coefficient of the curved beams of the
CSFH, it is also possible to simulate hair grasping tests to
estimate the increase of the Maximum Principal Stress (MPS)
during grasping.

3. UNCERTAINTY ANALYSIS

Various contributions have been taken into consideration in
the measurement uncertainty analysis. First, the main sources of
uncertainty involving the experimental approach have been
identified, and the components of these sources, i.e., type A and
type B uncertainties, have been combined in quadrature and
given as standard deviations (SDs) [52]. Specifically, the
dispersion of the experimental results has been used to estimate
type A uncertainties, whilst the instrumentation specifications
have been used to estimate type B uncertainties, which are listed
in Table 3.

In this respect, the optical system’s uncertainty takes into
account the contributions of both the spatial resolution and the

Table 3. Main uncertainty sources in the experimental approach.

Source of Uncertainty Value

£ (1 % of Vpeak-to-peak + 2 mV)
+ (3 ppm of setting + 2 pHz)
Aging rate: 1 ppm/year

Function generator amplitude

Function generator frequency

Power amplifier amplitude +2mV

DC power supply +(0.03 % of RDG + 10 digits)
Optical system +1um
Maximum angular displacement uncertainty +0.01°

with video tracking measurement procedure

Maximum tip displacement uncertainty with 08

video tracking measurement procedure
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conversion factor of pixel size [53]. Similarly to [54]-[56], a
Monte Catlo Simulation (MCS) with 10# iterations for the MG
prototype has been carried out to assess the uncertainty
associated with comb-drive angular displacement and the gripper
tip displacement measuring process.

The virtual markers’ centroid position has been made to vary
randomly in the image through the inclusion of different markers
during the video tracking at each MCS iteration. Moreover, the
uncertainty related to FEA-derived outcomes has been
quantified by means of an additional MCS with 10 iterations that
varied the MG geometric dimensions considering the uncertainty
contribution related to the DRIE process. Several variables, such
as the DRIE process parameters, the wafer’s material
characteristics, and the measuring technique employed, might
affect the dimensional uncertainty associated with the DRIE
process of a SOI wafer with a 40 um device thickness. For small
elements, e.g., less than 100 pum, dimensional uncertainty in
DRIE processes typically ranges from 1 % to 5 % of the element
size [57]-[60]. This would correspond to an uncertainty that can
vary from a few tens of nanometres to a few hundred nanometres
for a 5 um feature, i.e., the width of the CSFH’s flexure beam.

The thickness-related uncertainty has been assessed through
several measurements on an image of the hair obtained under an
optical microscope. The contribution related to the position of
the hair between the MG jaws has been estimated by taking into
account the distance between the MG tips in the case of
maximum jaw closure during the grasping tests.

Finally, the measurement uncertainty of the grasping force has
been determined by means of the error propagation law applied
to (4), taking into account the standard uncertainties associated
with the stiffness coefficient, the geometrical dimensions of the
DUT and the angular displacements.
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Figure 4. Measured and simulated tip displacement: (a) displacement as a
function of the supply voltage and comparison of 0 V and 20 V positions
evaluated by (b) experimental approach (neutral position in magenta,
displacement at 20 V in green) and (c) FEA.

4. RESULTS AND DISCUSSION

This section presents and discusses the outcomes of the
experimental tests related to the angular displacement of the MG
comb-drives and the gripper tip displacements as a function of
the supply voltage and the results from numerical simulations,
including the hinge stiffness coefficient. Furthermore, the results
of grasping force are presented. The results are expressed in
terms of the mean value £ SD.

Preliminary results obtained from the processing of the videos
acquired during the experimental tests show a maximum rotation
of the comb-drives of 0.80° = 0.01° at 20 V, which corresponds
to a maximum tip displacement of (22.1 * 1.1) pm. Numerical
simulations performed to estimate the beam stiffness coefficient
show a maximum angular displacement of the comb-drives of
0.79° and a tip displacement of 21.8 pum at 20 V, respectively.
Figure 4a shows the trend of tip displacement as a function of
supply voltage (in the range 0-20 V), evaluated both
experimentally and through numerical simulations. Moreover, an
example of the tip positions for two different supply voltages is
shown in Figure 4b and 4c for the experimental and FEA
outcomes, respectively.

Based on the angular displacement outcomes, the stiffness
coefficient of the CSFH curved beam has been calculated to be
(0.10 = 0.01) pN-m-rad-!, through the numerical analysis
performed by simulating the electrostatic and the results
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Figure 5. Displacement of the MG tips as a function of the supply voltage: (a)
right tip and (b) left tip. Comparison between displacements obtained with
the gripper free to move (dashed black line) and the results obtained
experimentally (red dots) and from numerical simulations (blue line) from the
hair gripping test.
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obtained by the torque assessment are in agreement with what
has been reported in the literature both in terms of trend and
order of magnitude [61].

Afterward, the displacement of the comb-drives and tips of
the DUT has been measured by means of a manual voltage sweep
in the range of 0-27 V, with a 1 V-step using a DC power supply,
in order to compare the behaviour as a function of supply voltage
between the test conditions in which the MG moves freely
without performing manipulation operations and in which it
grasps the hair.

The results obtained for the first test condition, i.e., MG free
to move, show that at 27 V the left comb-dtive rotates by 1.48°
+ 0.01° experimentally and 1.45° from numerical simulations.
This rotation corresponds to a maximum left tip displacement of
(405 £ 1.1) um obtained experimentally and a simulated
displacement of 39.6 pm. Similarly, the experimentally measured
maximum rotation of the right comb-drive is 1.45° + 0.01° and
1.44° simulated, which corresponds to a tright tip displacement
of (39.7 £ 1.1) um measured and 39.5 um simulated.

During the hair grasping tests, the results obtained show that
the maximum displacement decreases to the point of stopping at
the moment when both jaws come into contact with the hair. In
particular, regarding the right half of the DUT, which is the first
to come into contact with the hair since it is not centred between
the jaws, the comb-drive stops at a maximum angular
displacement of 0.75° % 0.01°, which corresponds to a tip
displacement of (20.6 £ 1.1) pm. Figure 5a shows the trend of
the right tip as a function of supply voltage both in the test
condition where it is free to move and in the presence of the hair.
From the latter can be observed that once a certain voltage value

15| |— Simulated grasping force |
— ¢ Measured grasping force
Z 125}
R
oo 0.75 -
£
& 05}
o
Y025
Os ‘ ; ‘ ! .
0 3 6 9 12 15 18 21 24 27

Supply voltage (V)
(c)

Figure 6. Hair Grasping Test: (a) neutral jaw position at 0 V; (b) maximum
closure position obtained for the maximum considered voltage value (27 V);
(c) trend of experimental and simulated grasping force results as a function
of the supply voltage.

is reached, around 20 V, which corresponds to the contact
between the right jaw and hair, the displacement stops increasing
with increasing supply voltage.

Moving on to the other half of the DUT, the behaviour is
dual, and the left comb-drive rotates up to a maximum of 1.01°
+ 0.01°, which causes the left jaw to move a maximum of
(27.5 £ 1.1) pm. As in the previous case, Figure 5b shows the
evolution of the left tip under free conditions and during
grasping. However, from the experimental results obtained for
the displacement of the left tip, as can be seen in Figure 5b, some
displacement values obtained from the results do not follow the
quadratic trend as a function of the supply voltage. The most
probable cause may be attributed to the fact that the hair, in
addition to not being centred between the jaws, is also not
perpendicular to them. In fact, if we consider the nominal value
of the jaw opening of 150 um and the maximum jaw
displacement, a closure of (101.9 + 2.2) um has been determined.
Since a diameter of (86 £ 3) um has been measured, it is possible
to hypothesize that the hair is tilted by about 32.5° + 0.2° with
respect to the vertical, and this causes the upper edge of the left
jaw to be the first to come into contact with the hair. On the
other hand, the edge of the right jaw comes into contact with the
hair at around 19 V when the tip moves by (19.4 £ 1.1) um.
Subsequently, as the supply voltage increases, the tip does not
move until it reaches a value of around 22 V, at which voltage
value the gripper is able to apply enough force to move the hair
and thus continue closing the jaw until the hair is grasped at
around 23 V when the tip reaches its maximum displacement
value of (27.5 £ 1.1) um. Figure 6 shows the initial (0 V) and final
(27 V) phases of the hair grasping test.

The aforementioned findings on the size and position of the
hair have been also useful for the implementation of numerical

Table 4. Summary of maximum values. Experimental data are expressed as
mean value + standard deviation.

Parameter Value

CSFH Stiffness coefficient (uN-m-rad?) 0.10+0.01

Left Right

Measured comb-drive maximum

angular displacement (°) 1.48+0.01

1.45+0.01

Simulated comb-drive maximum

angular displacement (°) 1.45 144

Measured gripper tip maximum

+
displacement (um) 40.5+1.1

39.7+1.1

Simulated gripper tip maximum

displacement (um) 396

395

Free movement

Maximum CSFH principal stress
principal stress corresponding to
hair contact (MPa)

12.26 8.99

Measured comb-drive maximum

) . 1.01+0.01
angular displacement (°)

0.75+0.01
Simulated comb-drive maximum

angular displacement (°) 102

0.74
Measured gripper tip maximum

.
displacement (um) 27.5+1.1

206+1.1

Simulated gripper tip maximum
displacement (um)

Grasping test

27.8 20.4
Maximum CSFH principal stress
principal stress corresponding to
hair contact (MPa)

12.51 9.40

Maximum grasping force (1N) 1.42+0.18
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Figure 7. Stress contour plot for the left CSFH according to FEA by simulating
hair grasping.

simulations on the hair grasping test using the DUT finite
element model. This allowed to replicate the tip displacements
obtained by the MG and to numerically estimate the grasping
force and the MPS increment of CSFHs. To simulate the
grasping of the tilted hair, an elliptical cross-section has been
considered and the mechanical properties have been chosen
according to [62], [63].

Figure 6c¢ depicts the trend of the grasping force as a function
of the supply voltage, both for the experimental results and those
obtained through numerical simulations. The results have been
obtained by considering (4) for all DUT supply voltage values
considered in the present study. As long as the MG jaws move
freely, the electrostatic torque equals the resisting torque of the
CSFHs. When contact with the hair occurs (Figure 3), the
resisting torque becomes smaller than the driving torque because,
at the same voltage, the displacement produced by the MG is
smaller than what would be obtained without hair. This
difference in torque results into a force that the jaw applies on
the hair, up to the final value of supply voltage that corresponds
to a maximum grasping force of (1.42 £ 0.18) uN. Table 4
summarizes the maximum values of the results obtained from
experimental tests and FEA.

Finally, as for the MPS analysis of the CSFHs, the value
obtained by simulating the free movement of the DUT at the
angular displacement value corresponding to hair contact has
been considered, i.e., 0.74° at 20 V and 1.02° at 23 V for the left
and right comb-drives, respectively. The simulation results show
a MPS of the left and right CSFHs of 12.26 MPa and 8.99 MPa,
respectively. In both cases, the stress is two orders of magnitude
lower than the yield stress (6.9 GPa), and both beams’ rupture is
prevented. By simulating the hair grasping, the displacement of
the tips does not increase because they are in contact with the
hair without deforming it, therefore the increase in grasping force
results in an increase in MPS for the CSFHs. In particular, the
previously obtained MPS values increase to 12.51 MPa and
9.40 MPa, which correspond to a percentage increase in MPS of
about 2 % for the left CSFH and 4 % for the right CSFH.
Figure 7 shows the stress contour plot for the left CSFH, the one
that is most deformed when the MG grasps the hair. The left
hinge reaches a higher MPS because it is the one that deforms
the most, but on the other hand, the right hinge has a higher
percentage increase of MPS since, at the same tip position, it is
subjected to a greater increase in the force it applies on the hair.

5. CONCLUSIONS

The study presented a novel method for estimating the
grasping force applied by the jaws of a MEMS microgripper for

biomedical applications. The results obtained in this study
demonstrated the effectiveness of the combined experimental
and finite element approach proposed for the kinematic
characterization of the device and the estimation of the torque
exerted by the actuators of the device. In particular, the
experimental results, obtained by processing images and videos
of the DUT through an ad hor measurement procedure in
MATLAB environment, allowed to measure both the angular
displacement of the microactuators and the displacement of the
tips. Data have been acquired through a trinocular optical
microscope equipped with a high-resolution camera and
framerate. The results concerning the comb-drive rotation have
been used to estimate the stiffness coefficient of the curved beam
of the CSFH through numerical simulations with the element
analysis implemented in COMSOL Multiphysics. From the
results obtained, the stiffness coefficient of the curved beams of

CSFHs has been estimated to be (0.10 = 0.01) uN-m-rad-!. This
value has been subsequently used to estimate the torque applied
by the rotary electrostatic microactuators. The driving torque
analysis is necessary to estimate the grasping force that the MG
is capable to apply during experimental tests of grasping a human
hair. In order to estimate the grasping force, the displacement of
the main components of the DUT, i.e., comb-drives and tips,
during free movement and with the hair placed between the jaws
has been considered. The difference obtained from the
displacement results is reflected in a difference in torque that the
microactuators are able to apply at the same displacement. In
particular, a maximum grasping force of (1.42 £ 0.18) uN has
been estimated at 27 V, considered as the maximum value for
MG actuation due to the pull-in phenomenon.

The results obtained in this study represent a first step
forward in the development of assessment methods for the force
applied by rotary electrostatic microactuators actuated MG.
Through the finite element model implemented for the
characterization of CSFHs, hair grasping tests have been
performed to simulate the experimentally obtained force values,
with the aim of analysing the trend of the MPS as the applied
force increases. However, the values obtained are two orders of
magnitude lower than the critical value for silicon. Moreover,
further experimental tests conducted on different devices could
validate the mathematical model, allowing the implementation of
a phy-digital twin of the device that can be used to simulate the
behaviour of the system under conditions different from those
of the experiments. In this scenario, applications of MGs,
including the behaviour of microactuators when manipulating
objects with different sizes and shapes, can be simulated using
the phy-digital twin [64]. This could make it easier to estimate,
predict, and establish the optimal conditions of operation for
microgrippers. The implementation of the phy-digital twin could
also be useful for the development and optimization of new and
more complex designs.

In the near future, it will be important to extend the method
to MGs with more different geometries and apply it to nanoscale
devices as well. Finally, a further aspect of fundamental interest
concerns the improvement of the experimental setup, e.g.,
adding a second microscope with an orthogonal view for the
measurement of the actual position and inclination of the object
to be grasped (such as the hair in the present study) and the
implementation of an experimental method for measuring the
force applied by the MG with specially designed sensors. In this
way, it would be possible to directly assess the force that MG
jaws can apply when performing microscale tasks, such as
grasping an object.
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