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Abstract — Microgrippers (MGs) are MEMS devices
that can manipulate cells and microscopic objects. In
this work an approach based on both experimental and
a finite element analysis is proposed with the aim of
evaluating the torque exerted by the micro-actuator of
a novel prototype of MG equipped with electrostatic
rotary comb-drives and Conjugate Surface Flexure
Hinges (CSFHs) when powered by a 0-20 V peak-to-
peak supply voltage. The angular displacement of the
micro-actuator has been measured using an image
analysis method implemented by the Authors from
videos acquired by a camera on a trinocular optical
microscope, while the hinge stiffness has been
estimated using numerical simulations: the obtained
results show that the comb-drive can apply a maximum
torque of 1.4 + 0.2 nNm.

. INTRODUCTION

Nowadays, the development of MEMS (Micro Electro-
Mechanical Systems) devices is becoming increasingly
widespread. Microgrippers (MGs) are devices that have
been extensively investigated during the last two decades
as potential tools for a wide range of possible applications
[1-3], especially in the biomedical field [4-5].
Microgrippers’ versatility has lately been demonstrated in
operations such as versatile grasping and autonomous
pick-and-place [6-7]. MG prototypes embedded with
Conjugate Surface Flexure Hinges (CSFHs) [8,9]
performed successfully in grasping and releasing agarose
microspheres in waterdrops [10]. The CSFH is depicted in
detail in Fig. 1. Recent studies have shown that the total
number of CSFHs is proportional to the energy necessary
to deform the MG structure. As a result, MGs with only
one CSFH pair and one pair of electrostatic rotary-comb
drives [11-12] demonstrated a wider range of displacement
considering the same applied voltage than MGs composed
of a double four-bar linkage with multiple CSFHs [13-14].

The present work focuses for the first time on a novel
CSFH-based MG equipped with only one CSFH pair, with
the aim of investigating the mechanical behavior of the
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Fig. 1. CSFH and portion of the electrostatic comb-drive.

hinges by means of experimental analysis, based on image
analysis method [15], and Finite Element Analysis (FEA),
evaluating the torque exerted by electrostatic micro-
actuators. A supply voltage in the 0-20 V range has been
considered for the Device Under Test (DUT), whose main
parameters are listed in Table 1. Since the DUT is free to
move, i.e., it does not carry out a manipulation operation,
each position assumed during movement has been
assessed as an equilibrium condition between the torque
exerted by the electrostatic actuator and the
resistant torque due to the elastic behavior of the CSFH,
which allows the actuation torque estimation as:

r=k9 1)

where 7 stands for the comb-drive’s torque, while k and 4
indicate the CSFH stiffness coefficient and the micro-
actuator’s angular displacement, respectively. As a first
approximation, by considering CSFHs homogeneous,
linear elastic beams with uniform, rectangular cross
sections and assuming the bending moment as constant, it
is possible to estimate the stiffness coefficient £ [16-17]:
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where E indicates the Young’s modulus, b is the device
thickness, 4 is the curved beam width, 7, is the neutral axis
curvature radius, and « is the subtended angle by the latter.
In particular, the experimental analysis aims to measure
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Table 1. Microgripper main specifications

Table 2. Experimental setup main components

Component Symbol  Value Device Characteristics

SOl . . . Amplitude: 0 to + 10 V peak-to-peak,

Wafer Device layer thickness b 40 pm Function Generator Frequency: 0.01 uHz to 5 MHz
Curved beam width h 5 um Power Amplifier Amplitude: 0 to £20 V

CSFH  Neutral axis curvature radius n 62.5 pm Light Microscope  Zoom: 16x, 20x, 40x, 60x, 80x, 100x
Curved beam subtended angle a 240.9° : 23.3 MP, sensor size /2.3 in, maximum

Video camera . . -

Number per comb-drive n 64 video resolution 4K (3840x2160 pixel)

i Width r 4 Video Processing  In-house algorithm implemented in

Ingers Wi : pm Software MATLAB (2022b, MathWorks)

Rotor-stator distance g 3 um bC Intel® Core i7-11370H, 32 GB RAM,

the actual angular displacement of the micro-actuator,
while through FEA the stiffness coefficient of the curved
beam can be estimated.

Il.  MATERIALS AND METHODS

The DUT shown in the 3D rendering in Fig. 2 is a newly
developed MG prototype fabricated monolithically by the
DRIE (Deep Reactive lon Etching) process on a SOI
(Silicon-on-Insulator) wafer with an aluminum hard mask
[18]. Several experimental tests have been carried out to
measure the comb-drive angular displacement. In
particular, many videos have been recorded using a
trinocular optical microscope equipped with a video
camera at different magnification levels to capture video
of the entire micro-actuator and the CSFH. The acquired
videos have been analyzed through a measurement
procedure developed in MATLAB. Finally, in order to
evaluate the stiffness coefficient, a finite element model
(in COMSOL Multiphysics environment), has been
implemented by numerically simulating the angular
displacement of the micro-actuator as a function of electric
potential. The numerical simulations that have been
carried out, have as a base the results obtained during the
experimental phase. In this way it has been possible to
evaluate the stiffeness of the CSFH considering the same
comb-drive rotation and the supply voltage used for the
actuation of the DUT.

A. Experimental Analysis
The experimental setup implemented to conduct the

experimental testing on the DUT consists of the power
instrumentation,

which includes a function

supply

Fig. 2. 3D rendering of the microgripper prototype.
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generator, a power amplifier, and micropositioners for
positioning tungsten needles that power the MG via
contact, as well as the image acquisition instrumentation
[19], including a trinocular optical microscope with a
video camera. The specifications of the main components
are listed in Table 2.

The power supply instrumentation has been configured to
generate a trapezoidal ramp signal in the range 0-20 V, and
several videos of the DUT have been acquired considering
a duration of least thirty periods of the supply signal. In
particular, videos of the comb-drive at 40x magnification
and videos of the CSFH and of the comb-drive’s free end
at 80x magnification have been acquired for evaluating the
angular displacement. The acquired videos have been
processed in MATLAB environment, and the comb-drive
angular displacement has been measured by image
tracking of many virtual markers positioned within
predetermined regions of interest frame by frame.

B. Finite Element Analysis

Numerical simulations have been carried out using the
commercial software COMSOL Multiphysics. In order to
reduce computational costs, FEA simulations have been
performed using the 2D model of the MG, to which was
added an out-of-plane thickness of 40 pm. In particular,
the 2D model was implemented from the CAD drawing
used to create the aluminum hard mask of the fabrication
process. To accurately replicate the electrostatic actuation
of the comb-drive, the numerical model included the air
surrounding the DUT as a free deforming domain. The
mesh has been particularly optimized for the thinnest
elements of the MGand in the air domain, thus
obtaining about 71,000 triangular elements constituting
the entire mesh. Non-linearities caused by large
deflections have also been considered. The material
utilized in the numerical simulations of the MG is Silicon
<100>, which is also the material used in the
manufacturing of the DUT. The material’s Young’s
modulus is in accordance with [20].

I1l.  UNCERTAINTY ANALYSIS

In order to discuss the outcomes of the study, an
uncertainty analysis has been carried out, taking into
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Table 3. Uncertainty sources in the experimental tests

Source of uncertainty Value

Function generator amplitude 1% of Vpeak-to-peak + 2 mV
Power amplifier amplitude 2mVv

Optical system 1 pm

Video tracking algorithm 0.05°

account the main sources of error in the experimental
analysis. Uncertainties have been expressed as standard
deviations and the total uncertainty (o1) has been
determined by combining Type A (oa) and Type B (o8)
uncertainties as the root sum of squares as described in
[21]. Type A uncertainties can be determined directly from
the standard deviation of the obtained results, while Type
B uncertainties have been computed using the error
sources retrieved from the datasheets of the devices (Table
3). The optical system’s uncertainty has been overall
estimated to be 1 um because of the lateral resolution,
which is dependent on the incident light diffraction and
wavelength, and the pixel resolution [22], as well as the
uncertainty of the measurement procedure, which has been
evaluated using a Monte Carlo Simulation (MCS) with 10*
iterations. The total number of virtual markers inserted in
the ROIs has been made to vary randomly, together with
their relative coordinates, at each MCS iteration, which
results in a variation of the x- and y-coordinates of the
markers’ centroid. As regards the uncertainty of the results
obtained with the FEA, the geometric dimensions of the
MG have been made to vary with an MCS with 10*
iterations, considering the uncertainty caused by the DRIE
process [8]. Finally, the uncertainty associated with the
micro actuator's torque evaluation has been estimated by
propagating the uncertainties of both the stiffness
coefficient in (2) and the comb-drive’s rotation [23].

IV. RESULTS AND DISCUSSION
Fig. 3 depicts the comb-drive displacement as
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Fig. 3. Maximum displacement of the comb-drive
evaluated by (a) experimental analysis and (b) FEA.
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Fig. 4. Torque applied by the micro-actuator as a
function of the supply voltage.

determined by means of both experimental and finite
element analyses, applying to the MG a power supply in
the range of 0-20 V peak-to-peak. According to the
obtained results, the maximum displacement is 17.1 = 1.1
um, which corresponds to a rotation of 0.79° + 0.05°. The
curved beam stiffness coefficient has been evaluated at
0.10 £ 0.01 uNm/rad. This means that the comb-drive
applies a torque of 1.4 = 0.2 nNm in order to deform the
CSFH of the collected angular displacement. Fig. 4 shows
the evolution of the torque applied by the micro-actuator
as a function of the supply voltage. In particular, torque is
a function of the square of the supply voltage, which is
consistent with the literature [10,24], both as trend and as
order of magnitude.

V. CONCLUSIONS

The present study focused on a preliminary evaluation
of the torque applied by the micro-actuator of a MG
prototype equipped with a pair of CSFHs and electrostatic
rotary comb-drives. Experimental and finite element
analyses have been used in order to estimate the dynamic
characteristics of the prototype. Videos of the DUT have
been acquired using a trinocular optical microscope
equipped with a video camera, which have been
subsequently elaborated with an in-house algorithm
implemented in MATLAB, and numerical simulations
have been performed in COMSOL Multiphysics.
Moreover, an uncertainty analysis has been carried out to
assess the quality of the obtained results, which revealed
that the micro-actuator under test is able to apply a
maximum torque of 1.4 = 0.2 nNm. In the near future, it
will be important to improve the experimental setup as
well as the numerical model used during the FEA and to
carry out experimental tests to evaluate the torque applied
by the micro-actuators when the MG performs a grasping
and manipulation operation.
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