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ABSTRACT

Microgrippers are MEMS devices capable of precise manipulation of objects on a micrometer scale. Few studies in the literature have
focused on the dynamic characteristics of microgrippers with capacitive actuators. This work aims to the development of a novel
approach that combines experimental measurements with finite element analysis to evaluate the torque exerted by microgrippers
characterized by three different geometries. The investigated devices are composed of electrostatic rotary comb-drives and conjugated
surface flexure hinges. The microactuators’ rotation has been measured by means of an image analysis technique developed by the
Authors, employing videos captured by optical microscope equipped with a high-resolution camera, while the hinge stiffness is
estimated through numerical simulations. The experimental results of the different geometries confirm the effectiveness of the
proposed approach in assessing the torque output of microgrippers’ actuators. The results showed a quadratic trend for the torque as
a function of the supply voltage, and that doubling the number of comb-drives results in double the torque. Furthermore, the results
also validated the numerical model, allowing the implementation of a phy-digital twin of the device that can be used to simulate the
behavior of a microgripper under different conditions and empowering their optimization and design refinement.
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1. INTRODUCTION

In the last decades, researchers have increasingly focused their
attention and investigation on microelectromechanical systems
(MEMS), the spread of which has grown significantly [1], [2].
They offer a wide range of potential applications, especially in
the biomedical field [3]-[6]. This is also justified by a growing
trend toward the development of MEMS in microassembly and
micromanipulation domains [7]-[9]. Among all MEMS devices,
microgrippers  (MGs) play an important role in the
micromanipulation of cells and tissues because of their versatility
and ability to grasp, move and release [10]-[12].

MGs can be classified according to the operating principle of
the actuator into five main categories, i.e., piezoelectric [13],
shape memory alloy [14], electrostatic [15], electromagnetic [106],
and electrothermal devices [17]. Electrostatic actuated MGs have
been the subject of extensive research due to their potential for
precise manipulation of objects on a micrometre scale. In order

to close the gripper jaws and grasp items, these MGs use comb-
driven microactuators, which have three distinct structures in
terms of transverse [18], [19], lateral [20], [21], and rotary comb-
drives [22]-[24], which are driven by electrostatic forces. While
electrostatic actuation offers numerous advantages, accurately
evaluating the torque exerted by these MGs remains a challenge.
In this regard, the present study focuses on electrostatic
actuation-based MGs equipped with Conjugate Surface Flexure
Hinges (CSFHs) and rotary comb-drive microactuators [25]-[29].
A sketch of a portion of the MG structure with CSFHs and
rotary comb-drives is shown in Figure 1.

From the results in the literature, it can be stated that rotary
comb-drives can move following a trajectory as close to an ideal
rotation if the hinges have a circular geometry such as CSFHs
[30]. Moreover, MG architectures with a single pair of hinges
perform greater displacements than more complex architectures

ACTA IMEKO | www.imeko.org

December 2024 | Volume 13 | Number 4 | 1


https://doi.org/10.21014/actaimeko.v13i4.1747
mailto:gabriele.bocchetta@uniroma3.it

-
>

_~ Electrostatic rotary
' comb-drive

v

. wl' \
AT 1
"H'\‘ ‘H".H‘IHI

1\ \‘
inlintntpdrid
um\ u'\l” \Lu"ﬂr‘l\”n”u'“ﬂ T

/" '//_\ ‘uu LOUOU! uu U\LLIMUH_UU

T

\f
il

Ml ‘ml‘,ﬂ,n,‘r"u ,I‘n”ﬂ‘u"]l‘.\‘.ﬂ"u

Figure 1. CAD detail of a microgripper with CSFHs and rotary comb-drives.

(e.g., prototypes based on a double four-bar linkage geometry in
a mirror configuration) with the same supply voltage [31], [32].

In this context, the present study aims to assess the torque
exerted by rotary microactuators of three MGs with different
geometries. This issue is necessary and crucial to ensure accuracy
and safety during micromanipulation tasks, since from torque
assessment, the measurement of the force between the two MG
jaws can be derived [33]. The exerted torque has been evaluated
through a hybrid method that combines the experimental
analysis with numerical simulations based on Finite Element
Analysis (FEA) starting from the displacement of the
microactuator as a function of the supply voltage. Displacements
have been experimentally evaluated by measurements made
through an innovative method developed by the authors and
based on image analysis of videos. The latter have been acquired
by a trinocular optical microscope equipped with a high-
resolution and high fps camera. On the other hand, the stiffness
coefficient of the curved beams, constituting the CSFHs, has
been estimated through numerical simulations. In addition,
based on the characterization of the single-joint MG geometry
composed of a single CSFH and comb-drives pair [34], the other
multi-joint MG geometries constituted by a double four-bar
linkage geometry have also been analysed. The goal of the
proposed approach is to validate the simulated MG model and
then implement a phy-digital twin useful for both nondestructive
analysis and the development of new optimized designs.

a)

The paper is organized as follows. Section 2 describes the
main components of the setup for the experimental analysis to
measure the displacements of the devices under test and the main
steps in processing the acquited videos and numerical
simulations. Section 3 describes the method adopted for
estimating the uncertainties in torque calculation, while in
Section 4 the results of torque assessment, for different MG
geometries, are reported with a discussion on the comparison
between the values obtained experimentally and by simulation
and the effect of the comb-drive number on the applied torque.
Finally, in Section 5, a summary of the findings and directions
for future research are presented.

2. MATERIALS AND METHODS

The devices investigated in this study are three MG
prototypes with different geometries (named G1, G2 and G3)
actuated by rotary comb-drives and equipped with CSFHs. The
first is a single-joint model consisting of a single pair of comb-
drives and hinges, hereinafter referred to as G1 (Figure 2a) [35],
[36]. The other two are multi-joint models characterized by a
double four-bar linkage architecture in mirror configuration
consisting of 8 CSFHs [31], [37]. The difference between these
prototypes lies in the number of comb-drives, i.e., a single comb-
drive pair for the geometry named G2 (Figure 2b) and two
comb-drive pairs for the geometry named G3 (Figure 2c). The
three MGs have been monolithically manufactured with a DRIE
(Deep Reactive Ton Etching) process [38]-[40] on the same
Silicon-On-Insulator (SOI) wafer [41] with a rigid aluminium
mask. The wafer used for the fabrication of the MGs has a device
thickness of 40 pm, and both capacitive microactuators and
CSFHs feature the same design specifications, listed in Table 1.

The proposed method for torque assessment is based on the
combined approach of experimental tests and finite element
analysis and is divided into three main phases. The first stage is
based on the experimental approach, through which a kinematic
characterization of the three devices under test has been carried
out by analysing the displacement of the main components as a
function of supply voltage. After that, on the basis of the
experimentally obtained results, the FEA approach has been
conducted, by which the stiffness coefficient of the curved
beams of CSFHs has been estimated. Lastly, the torque applied
by the microactuators has been assessed by considering the

Figure 2. Microgrippers with three different geometries: a) single-joint geometry (G1), double four-bar linkage geometries with b) two comb-drives (G2) and

c) four comb-drives (G3).
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Table 1. Microgrippers main design specifications.

Table 2. Experimental setup main components.

Component G1 G2 G3 Device Characteristics
Number of comb-drives 2 2 4 . Amplitude: 0 to + 10 V peak-to-peak,
Function Generator )
Number of fingers per comb-drive 64 Frequency: 0.01 uHz to 5 MHz
Finger distance 10 pm Power amplifier Amplitude: 0 to £ 20 V
Rotor-Stator finger distance 3 um Micropositioners Travel range (?(/Y/Z): 10mm
. X . Screw resolution (X/Y/Z): 500 um
Comb-drive  Finger width 4 um ] _ )
Fi L lensth 38 Trinocular optical microscope Zoom: 16x, 20x, 40x, 60x, 80x, 100x
!nger mlnl.mum o Km 23.3 MP, sensor size %:.3 in,
Finger maximum length 151 um Video camera maximum video resolution, and fps:
Initial overlapping angle 2° 4K (3840x2160 pixels) at 120 fps
Comb-drive thickness 40 pm Video processing software In-house algorithm implemented in
Number of CSFH 2 8 8 i : MATLAB (2022b, MathWorks)
Curved beam length 252 um pC Intel® Core i7-11370H, 32 GB RAM,
Curved beam width —h 5 um NVIDIA® RTX™ 3050 Ti
CSFH Neutral axis curvature radius —ry 62.5 um
Curved beam subtended angle — 240.9 2.1. Experimental approach
Conjugate surfaces clearance 2 um Th lar displ f . has b
Curved beam thickness — b 40 um e angular displacement of the microactuators has been

equilibrium with the resisting torque due to the hinges’
deformation, evaluated through the variables calculated in the
previous steps. In the following subsections, each of these phases
is described in detail and the main steps are summarized in the
block diagram shown in Figure 3.

Supply
voltage

FEA
Approach

Experimental
Approach

Microgripper

Curved beam’s
stiffness coefficient

(o L EDH?
12 npa

G1 microactuator’s
angular displacement

G2and G3
microactuator’s angular

Torque
estimation

G, Sy, s, Gy

displacement

G2 and G3

microactuator’s torque

4
T62,63 = Z kv
=

Figure 3. Block diagram including the main steps of the proposed method for
assessing the torque exerted by microgrippers.

G1 microactuator’s
torque
161 = ki

measured by processing videos acquired through a high-
resolution camera mounted on a trinocular optical microscope.
Two different levels of magnification have been set to record
videos of each MG prototype. A video at 40X has been acquired
to capture the entire comb-drive and two videos at 80X to
capture and analyse both the displacement of the gripper tip and
the free end of the comb-drive. The experimental setup used in
this phase of the study can be divided into two main parts:

1) the instrumentation required to generate the power
signal, which includes a function generator, a power
amplifier, and micropositioners that allow contact with
the MG under test;

2)  the image acquisition system constituted by a trinocular
optical microscope equipped with a high-resolution
camera and framerate [42].

The components of the experimental setup are shown in
Figure 4 and listed in Table 2 with their main characteristics. The
power instrumentation has been set to generate a trapezoidal
ramp signal with a peak-to-peak amplitude in the range of 0-20
V and a period of 2 s. This waveform has been chosen so as to
ensure that the devices had stationary phases in both the neutral
position and the position corresponding to the maximum supply
voltage. Videos, recorded at 60 fps, have a duration to capture at
least thirty periods of the power signal. Afterwards, data has been
processed and analysed through a custom-written measurement
procedure developed in MATLAB environment that allows the
measurement of displacements of regions of interest by video
tracking of virtual markers identified by corners detection using
minimum eigenvalue algorithm [43]. The measurement
procedure searches for the corresponding marker by making a

0-20 V trapezoidal ramp
power signal

Function
generator

microscope

- g Micogripper -

m{ Power
d  amplifier =

Figure 4. Experimental setup.
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comparison between the current frame and each point in the
previous frame. Once it has analysed the position of all markers
over time, it evaluates the translation, rotation, and scale of the
region of interest throughout the duration of the video. The
results obtained for the angular displacement of Gl
microactuators as a function of different values of supply voltage
have been used to numerically estimate the stiffness coefficient
# of the CSFH curved beam by implementing a finite element
model. Conversely, the results obtained for the comb-drives
rotation in G2 and G3 have been used to validate the finite
element simulations performed taking into account the
corresponding geometry.

2.2. FEA approach

Numerical simulations have been carried out with COMSOL
Multiphysics software to simulate MG behaviour under the most
realistic conditions. To this aim, both the Solid Mechanics and
the Electrostatics modules have been included. The first was to
simulate the deformation of the structure and especially the
CSFHs. For this purpose, in the Solid Mechanics module, a
Quadratic Lagrange discretization and an isotropic material
symmetry have been considered. On the other hand, the second
module was to reproduce the actual MG working principle and
to model the electrostatic forces involved. In this case, a Quintic
discretization of the electric potential has been set. To bring
together the two previous modules, the electromechanical forces
for the coupled interfaces have been added to the study. FEA
simulations have been performed using the 2D models of the
MGs to which 40 um out-of-plane thickness has been added. The
two-dimensional models are the same as those used during the
fabrication process to create the aluminium mask, which has
been used to protect the part of the silicon that does not have to
be machined with the DRIE process. To accurately simulate the
electrostatic actuation of the comb-dtives, the model includes the
air that surrounds the device as a free-deformation domain, and
the geometry of the mesh has been configured for the device’s
thinner parts as well as the air domain. To obtain an objective
comparison among the three mathematical models, the mesh
generation has been set with the same specifications, in order to
get the same mesh for the microactuators and CSFHs. In
particular, triangular elements have been considered with an
average quality of 0.8 and the number of elements varying from
a minimum of around 65k for G1 to a maximum of around 160k
for G3. The material used in the numerical simulations is (100)
single crystal silicon, the characteristics of which are consistent
with what has been found in the literature [44]-[46], and it
corresponds to the material used in the manufacturing procedure
of the device. In order to simulate the displacement as a function
of different voltage values, a stationary study has been set up with
an auxiliary sweep considering 30 values in the range 0-20 V,
geometric nonlinearities and a MUMPS solver. The stiffness
coefficient of the curved beam has been estimated via FEA
following the experimental results obtained for G1. It has been
assumed the same for all CSFHs of the three devices under the
assumption that they are nominally identical since they not only
come from the same SOI wafer and thus the same material but
also the same manufacturing process.

2.3. Torque assessment

Since the MGs did not perform manipulation tasks or interact
with third-party objects during the experimental tests, every
position occupied during motion can be considered an
equilibrium between the torque exerted by the microactuators

and the elastic resisting torque produced by the deformation of
the CSFHs’ curved beams. In the G1 design, the comb-drive
directly operates against the curved beam, therefore the torque
761 exerted by the microactuator can be evaluated as follows:

761 = k961, )

where £ is the stiffness coefficient of the curved beam evaluated
in Nm-rad! and determined via FEA, whereas ¢ is the
experimentally measured rotation of the comb-drive.

As a first approximation, the coefficient £ of the curved beam
can be estimated for the range of rotation obtained from the
comb-drives of G1 as [47], [48]:

1 Ebh?
k=—-
12 na

©)

where E is Young’s modulus of silicon, 4 is the device thickness
of 40 um, 4 indicates the 5 um width of the cutved beam, 7
represents the curvature radius of the curved beam neutral axis,
and « is the angle subtended by the curved beam. Equation (2)
can be considered valid under the assumption that the curved
beams are homogeneous, linear elastic with uniform and
rectangular cross sections, as well as assuming a constant bending
moment.

On the other hand, as regards the G2 and G3 geometries, in
order to assess the torque exerted by the microactuators, it is
necessary to analyse the mechanism configurations. Since G2
and G3 are characterized by a double four-bar linkage in a mirror
configuration, the angular displacements of the other members
of the mechanism have been evaluated by the Newton-Raphson
method [49] on the basis of the rotation of the comb-drives, i.c.,
the crank angle, measured by the experimental tests. In this way,
it has been possible to individually estimate the resistant
moments due to the deformation of all CSFHs, each of which
has been estimated by considering (1). Finally, also for the G2
and G3 geometries, the torque exerted by the comb-drives has
been assessed considering the assumption of equilibrium

Mobile

Frame

Figure 5. Schematic diagram of the four-bar linkage mechanism on which the
G2 and G3 geometries are based and numbering of the hinges.
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between the actuation of the comb-drives and the deformation
of the CSFHs.

A schematic of the four-bar linkage mechanism on which the
G2 and G3 geometries are based is shown in Figure 5. In
particular, in the analysis of the equivalent mechanism, CSFHs
are replaced by ideal rotary hinges. In addition, from Figure 5, it
can also be seen that the centre of rotation of the mechanism
members corresponds to the centre of elastic weights of the
CSFH [50]-[52]. If the torque applied to the crank is balanced by
the resisting torques at the other hinges, the torque exerted by
the microactuators can be expressed as:

TGZ'G3zzkﬁi=k191+kl92+k'l93+k'l94, (3)
i

where 7is the torque exerted by the microactuator as a function
of the comb-drive angular displacement & (as well as the crank
angle), and the angles &, % and 94 corresponding to the
deformation of the respective CSFHs. It is worth noting that §;
denotes the angle described during rotation and is evaluated as
the difference between the value as a function of the supply
voltage 9(1”) and the value in the neutral position ,(0):

9; = 9;(V) —9;(0). ©)

3. UNCERTAINTY ANALYSIS

The measurement uncertainty analysis has been carried out by
considering different contributions according to the study phase.

First, the main uncertainty sources related to the experimental
approach have been determined and their components, i.e., type
A and type B uncertainties expressed as standard deviations
(SDs), combined in quadrature [53]. Type A uncertainties have
been estimated as the dispersion of the experimental outcomes
obtained by averaging both gripper tip and comb-drive
displacement over a single period of the trapezoidal power signal.
On the other hand, type B uncertainty (o) has been estimated by
combining the contributions given by the uncertainty sources in
the measurement chain (Table 3) as follows:

ad  \*
g = (W O'ps) + 0-55 + 0'1\2/[ B (5)

where 4 indicates the displacement value as a function of the
supply voltage 1] ops is the SD due to the power supply system
evaluated as the sum in quadrature of the contributions of the

Table 3. Main uncertainty sources in the experimental approach.

Source of Uncertainty Value

Function generator amplitude @ 1 % of Vpeak-to-peak + 2 mV
3 ppm of setting + 2 pHz

Function generator frequency @ TSR ey W

Power amplifier amplitude @ 2mV
Optical system @ 1um

G1 G2 G3
MaX|mum :fmgular displacement with i 0.01° 0.01° 0.02°
video tracking measurement procedure ®)
Maximum tip displacement with video 03um 04pm 0.4pm

tracking measurement procedure ®)

(@ Uncertainty values provided by the instrumentation datasheets; () Standard deviation
values obtained from Monte Carlo simulations.

function generator amplitude and the power amplifier amplitude
uncertainties, gos is the SD related to the optical system including
the contributions of both the pixel size and the spatial resolution
[54], and oy is the SD associated to the measurement procedute
of the MG displacements. As in [55], [506], the uncertainty related
to a measurement procedure implemented in MATLAB has been
estimated through a Monte Carlo Simulation (MCS) with 10+
iterations for each MG prototype (Table 3). By including
different virtual markers at each iteration, the centroid position
in the image has been made to vary randomly as a normal
distribution with a 2-pixel standard deviation for both x and y
coordinates. As regards the estimation of uncertainty trelated to
other four-bar linkage angles, the contribution related to crank
angular displacement has been propagated in the analysis of the
four-bar linkage configurations by the Newton-Raphson
method. In (5), the uncertainty contribution related to the
frequency of the generated signal does not appear, as it has been
considered negligible since it is several orders of magnitude lower
than the others.

On the other hand, the standard uncertainty of the stiffness
coefficient outcomes via FEA has been estimated by varying the
MG geometric dimensions in (2) through a further MCS (104
iterations) [57] in which the uncertainty contribution associated
with the DRIE process [27] has been included. The dimensional
uncertainty related to the DRIE process of a SOI wafer with 40
pm device thickness can vary depending on several factors,
including the specific parameters of the DRIE process, the wafer
material properties, and the measurement method used.
However, typical values of dimensional uncertainty in DRIE
processes for small elements (< 100 um) are between 1-5 % of
the element size. For a 5 um feature, as in the case of CSFH
width, this would correspond to an uncertainty that can range
from a few tens of nanometres to a few hundred nanometres
[57]-[60].

Finally, the measurement uncertainty of the microactuator
torque has been derived by applying the error propagation law,
in which the standard uncertainties of the stiffness coefficient
and the angular displacements have been included.

4. RESULTS AND DISCUSSION

In this section, results obtained from the experimental phase,
i.e., displacements of the three MG geometries, and those from
numerical simulations, i.e., hinge stiffness coefficient, are
presented and discussed. Moreover, the outcomes of torque
applied by the G1, G2 and G3 microactuators are provided. They

are expressed as the mean value of the different tests £ SD.

4.1. G1 angular displacement and curved beam stiffness
coefficient estimation

The angular displacement of G1 microactuator as a function
of the supply voltage is shown in Figure 6. In particular, the
rotation trend as the supply voltage increases, for a maximum of
0.80° £ 0.01° at 20V, is provided (Figute 6a). This rotation
corresponds to a maximum displacement of the free end of the
comb-drive, which has been experimentally measured to be
17.3 £ 1.1 pm. In Figure 6b the comparison between the neutral
comb-drive position (magenta) and the maximum displacement
(green) is shown. Similarly, Figure 6¢c shows the results obtained
through numerical simulations for the overall displacement of
each MG point, where the maximum displacement (17.1 pm) is
displayed in orange in the contour plot. The outcomes obtained
for the rotation of G1 microactuators correspond to a maximum
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G1 angular displacement (°)

0O 2 4 6 8 10 12 14 16 18 20

Supply voltage (V)

i w!‘ﬂ‘

il

Figure 6. Angular displacement of the comb-drive of G1: a) rotation trend as
a function of the supply voltage, and maximum displacement of the free end
evaluated by b) experimental approach and c) FEA.

displacement of the gripper jaw tip of 22.1 = 1.1 um obtained
experimentally, and 21.8 um by simulation.

Through the numerical analysis performed by simulating the
electrostatic actuation of G1 in COMSOL and based on the
results for the angular displacement, a stiffness coefficient of the
CSFH curved beam has been estimated to be
0.10 £ 0.01 uN-m-rad-!. The latter has been assumed as the
stiffness coefficient of all CSFHs for all three geometries under
investigation.

4.2. G2 and G3 experimental results and mathematical model
validation

Results obtained for the comb-drive rotation of G2 and G3
are shown in Figure 7. In particular, Figure 7a shows the rotation
of the comb-drive of G2 (blue) as a function of the supply
voltage, as well as the different configurations for the other
angles of the four-bar linkage structure. Similarly, Figure 7b
shows the results obtained for the rotation of the double comb-
drives (green) and the other angles of G3 as a function of the
supply voltage. The Newton-Raphson method has been chosen
for the evaluation of the configurations for the four-bar linkage
architectures as a function of the crank angle, mainly due to the
uncertainties due to the optical system that makes it difficult to
measure the small displacements (below 1 um) of the other
members of the mechanism.

From the experimental tests, a maximum rotation of
0.16° £ 0.01° has been obtained for G2, and 0.32° + 0.02° for
G3, which correspond to a maximum displacement of the tip of
the gripper of 2.6 £ 1.1 um and 5.1 £ 1.1 pm, respectively, with
a supply voltage of 20 V. From these results, it is confirmed that
that doubling the number of comb-drives results in a double
displacement. This means that, at least in the displacement range
considered, the displacement is directly proportional to the
number of comb-drives and their geometric characteristics.

The numerical simulations catried out for G1 have been
repeated for the other two geometries under the same
conditions, such as the same material, mesh, actuation, and
stiffness value of the curved beams of the CSFHs. The results

é 04}

)
g 02} _ 1
& s B
g o i e 192
2 R ——
5 0.2} i 9
S = 4
D 04l
©
o -06

0 2 4 6 8 10 12 14 16 18 20

Supply voltage (V)

a)

G3 angular displacement (°)

0 2 4 6

8 10 12 14 16 18 20

Supply voltage (V)
b)

Figure 7. Angular displacement of microgrippers with the four-bar linkage
architecture as a function of supply voltage: a) comb-drive rotation of G2
(blue) and trend of the other angles; b) comb-drive rotation of G3 (green) and
trend of the other angles.

obtained from the simulations show a maximum rotation of the
comb-drive of G2 equal to 0.15° and a maximum displacement
of the tip of the grippers of 2.6 pm, while for G3 a rotation of
0.31° for the comb-dtives and 5.2 pm for the jaws of the
grippers.

The experimental results validate the numerical model
implemented in the FEA, and for all displacement values
considered for cach supply voltage value, an overall mean
absolute percentage error of about 10 % has been assessed. It is
worth noting that this error is due to small displacements at low
voltage values that cause a high error. In this regard, considering
voltage values between 10 and 20 V, the overall mean absolute
percentage error is about 4 % and does not reach 3 % if only the
maximum displacement values are taken into consideration. The
computation of the mean absolute percentage error (MAPE) has
been carried out by applying the definition as follows:

n
100 XEXP; — XFEA;
MAPE = — —t i ©)
n X .
p EXP;
where xgxp denotes the experimental measurement of

displacement and xgga the corresponding value evaluated
through the numerical simulation.

Figure 8 shows the experimental and simulated results for the
maximum displacement of the grippers of G2 and G3.

4.3. Results on the assessment of torque applied by the comb-
drives of G1, G2 and G3

The torque applied by the comb-drives has been computed
using all the rotation values of G1, G2, and G3, as well as the
same stiffness value for the curved beams. Table 4 summarizes
all of the outcomes from this investigation, while Figure 9
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Measured G2
6ri- - Simulated G2
5 Measured G3
-------- Simulated G3

Gripper tip displacement (um)

0 2 4 6 8 10 12 14 16 18 20
Supply voltage (V)

Figure 8. Gripper tip displacement for microgrippers G2 (blue) and G3 (green)
in comparison with simulated results.

depicts the evolution of the torque applied by the microactuators
as a function of the supply voltage. A maximum torque of
1.4+ 0.2nN'm, 1.2 £ 0.2 nN'm, and 2.4 * 0.3 nN'm has been
assessed for G1, G2, and G3, respectively, to deform the
structures of the devices by the rotation angle measured for the
respective comb-drives. In the scientific literature [61], [62] there
are mathematical formulations that describe the electrostatic
torque of rotary comb-drives as a function of the square of the
applied voltage and the capacitance variation, which in turn
depends on the geometric characteristics of the microactuators.
This is verified by the results obtained, since the torque applied
by the microactuators has a quadratic behaviour as a function of
the supply voltage. Moreover, with regard to G1 and G2
geometries, the obtained torque values are compatible since they
are actuated by comb-drives with the same geometric
characteristics. On the other hand, as also shown from the
experimental results obtained for the displacement, the double
comb-drives of G3 apply twice the torque compared to devices
equipped with single comb-drives.

5. CONCLUSIONS

In this study, a novel method for the assessment of torque
exerted by MEMS microgripper actuators for biomedical
applications is presented. The results obtained in this study have
demonstrated the effectiveness of the combined experimental
and finite element approach proposed for the assessment of

—_—G1
25 |——G2

—_—G3

Comb-drive torque (nN-m)

0 2 4 6 8 10 12 14 16 18 20
Supply voltage (V)

Figure 9. Torque applied by the three microgripper geometries (G1 in red, G2
in blue and G3 in green) as a function of supply voltage.

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

Parameter Value
CSFH Stiffness coefficient
0.10+0.01

(UN-m-rad?)

G1 G2 G3
Measured comb-drive
maximum angular 0.80+0.01 0.16+0.01 0.32+0.02
displacement (°)
Simulated comb-drive
maximum angular 0.79 0.15 0.31
displacement (°)
Measured gripper tip 221+11 26411 51411
maximum displacement (um) e o e
Simulated gripper tip
maximum displacement (um) 218 2.6 >:2
Maximum torque applied by 14402 12402 24403

comb-drive (nN-m)

torque exerted by MGs with different geometries. In particular,
the experimental results, obtained by processing through an ad
hoc measurement procedure in MATLAB environment the
videos of the devices under test, allowed to measure the angular
displacement of the microactuators. Data have been acquired
through an optical microscope equipped with a high-resolution
camera. The results for the rotation of the comb-drive have been
used to estimate the stiffness coefficient of the CSFH’s curved
beam.

The results also validated the finite element model
implemented in COMSOL Multiphysics for
simulations and have been used to estimate the torque exerted
by the microactuators. The validation of the mathematical model
obtained through comparison with the experimental results,
allowed the implementation of a phy-digital twin of the device
that can be used to simulate the behaviour of the system in
conditions different from those of the experiments [63]. In this
case, the phy-digital twin can be used to simulate applications of
MGs, such as the behaviour of the microactuators during the
manipulation of objects of different sizes and shapes. In this way,
it could be possible to estimate and predict the performance of
the microgrippers and identify their optimal operating
conditions. The implementation of the phy-digital twin could
also be useful for the development and optimization of new
designs.

The results obtained showed that the torque exerted by the
microactuators has a quadratic trend as a function of the supply
voltage and that doubling the number of comb-drives results in
a double torque. This result is in agreement with what is reported
in the literature [64] both in terms of trend and order of
magnitude. In particular, the single-joint MG composed of a pair
of comb-drives and a pair of CSFHs can apply a maximum

numetical

torque of 1.4 % 0.2nN-m. This value can be considered
compatible with that obtained from the MG characterized by a
double-jointed four-bar linkage architecture and also equipped
with a single pair of microactuators that is able to apply a
maximum torque of 1.2 * 0.2 nN-m since the comb-drives that
actuate it have the same geometric characteristics of the previous
model. Regarding the third geometry, the MG is composed of a
double-jointed four-bar linkage structure, but differently from
the previous device, the actuators are composed of double rotary
comb-drives. This geometry can apply a maximum torque of
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2.4 £ 0.3 nN'm, which appears double compared to MGs that
are actuated by single comb-drives.

In conclusion, the proposed method can be used to estimate
the torque exerted by MGs with different geometries, providing
an important tool for the design and optimization of these
devices. The results obtained in this study represent an important
step forward in the development of methods for the assessment
of torque exerted by rotary electrostatic microactuators.

In the future, it will be important to extend the method to
MGs with more complex geometries and apply it also to devices
on a nanometric scale. In addition, the development of a
physical-mathematical model capable of describing the
deformation of the CSFHs and the torque exerted by the
microactuators as a function of the geometric characteristics and
materials of the devices could contribute to improving the
accuracy of the estimates obtained. Finally, an additional aspect
of fundamental interest concerns the implementation of an
experimental measurement method of the torque applied by the
microactuators. In this way, it would be possible to evaluate the
force that the microgrippers are able to apply when they grasp an
object or execute micro-scale tasks.
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