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Abstract: Downscaling has been a focal task of Electronics and Electromechanics in the last few
decades, and a great engine for technological progress as well. Nevertheless, a scaling operation
affects device physics, functioning and performance. The present paper investigates about the impact
of scaling on a test case compliant electrostatic micro or nano actuator that is under development with
two preferred micro fabrication methods, namely, thick SOI and thin amorphous silicon. A series
of numerical trials on materials strength, electro-mechanical characteristics, sensitivity and overall
actuation performance have been carried out at different grades of down-scaling and of aspect ratio.
This gave rise to new design charts that we propose here as a predictive and friendly guide to select
the most appropriate micro fabrication method.

Keywords: compliant mechanism; microgripper; nanogripper; comb drive; flexure hinge; NEMS

1. Introduction

In the constant search for better performances, the developments of microelectronic
devices have been marked by the scaling phenomenon, consisting of pushing the devices’
characteristic feature sizes towards increasingly smaller dimensions [1]. This enduring
trend [2], together with the consequent evolution of massive low-cost and large-scale
semiconductor and microelectronics technologies [3], also triggered the conception and
manufacturing of micromechanical structures [4], paving the way to the birth and growth
of Micro Electro-Mechanical Systems (MEMS) [5–8]. MEMS can be used as extremely minia-
turized sensors, actuators, microgrippers [9–11], with different sorts of actuation [12–14],
piezoelectric resonators [15,16], and wave-guides [17], to only name but a few. They share
with microelectronic devices the same conceptual platform: processes, technologies, and
facilities able to produce low-cost, large-volume fabrication steps [18,19]. In addition,
the integration of mechanics and electronics in the same substrate has been a powerful
factor for MEMS success over the years [20–22]. MEMS are intrinsically affected by scaling
effects. In fact, MEMS downsizing leads to significant changes in their physical behaviour,
producing different outcomes with respect to their macro-scaled equivalent; thus, the scal-
ing itself becomes a key parameter for a microdevice to tune for a given application [23].
As a result, new perspectives unfold for the conception of novel devices able to exploit
different operating principles and achieve new, unexplored and enhanced results [24,25]
even at the nanoscale, with the Nano Electro-Mechanical Systems (NEMS) [26–31]. Never-
theless, the conceptualization, fabrication and testing of a new device must be conducted
with a deep understanding of the downsizing effects on its physics, mechanics, perfor-
mance and functioning, with advantages also in energy, money and time savings for the
device prototyping.

This paper investigates the consequences of minimizing, through nanotechnological
processes, the size of multi-DoF (Degrees of Freedom) and multi-hinges micro/nano devices,
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with the aim of improving the understanding of the impact that a high down-scaling process
may induce and to examine the effects in terms of physics and operational functioning [32–34].
Since the actuation is a key issue for a micro or nano mechanism to be suitable in operational
scenarios [35], this investigation takes an electro-mechanical actuator as a test case to study
the influence of the downscaling effects in both complex MEMS and (mainly) NEMS. More
specifically, a rotary comb drive has been considered, as they are widely known for versatility,
performance and operational simplicity at different scales [36–39]. Three main aspects of a
device development has been investigated: design, simulation and fabrication. Design rules
are explored with respect to the constraints that are introduced by the required function and
from the fabrication process. The features of the adopted materials are studied and their
changes with scaling have been analyzed. Technological methods and their ability to fit the
specific device’ scale have also been inspected.

2. Design and Operating Principles

Complex compliant NEMS devices with electrostatic actuation [40] are the object
of the present investigation. As a test case, the structure reported in Figure 1 has been
adopted. This device covers a total area of (200 × 250) µ m2 (excluding the pads). Figure 1a
shows the top view, while an enlargement on the flexure hinge area is detailed in Figure 1b.
The structure consists of a fixed part (that will be referred to as “anchored”) and a movable
part (referred to as “suspended”). Two pairs of rotary combs [41] are able to exploit the
capacitive effect between the two electrodes (green and blue in figure) and provide a
torque with an applied voltage [42]. Each comb drive is composed of two curved arrays
of interlocking fingers sectors, each finger being 0.8 µ m wide. Two adjacent fingers (from
the two opposite sets) are separated by 1 µ m spacing. With no voltage applied, the fingers
arrays have a 2° initial overlapping. The suspended component can move thanks to a
lumped compliance flexure that, in the present case, consists of a simple 0.6 µ m-wide
curved beam (δ in Figure 1b), with a radius of 20 µ m. This shape determines a selective
compliance because it induces mainly in-plane inflections around the preferred rotation
axis. The Conjugate-Surfaces Flexure Hinge (CSFH) [43,44] has been provided with dimples
consisting of anti-sticking bumps, in order to minimize sticking and friction phenomena
between the surfaces of the conjugate surfaces [45,46]. The complete geometric features of
the device are reported in Table 1.

Figure 1. (a) Top view of the studied system: voltage is applied between the anchored blue and green
pads to provide motion through the comb drives and the flexure hinge; (b) enlargement on the CSFH site.



Actuators 2022, 11, 71 3 of 13

Table 1. Comb-drive and CSFH design specifications.

Component Feature Value

Comb-drive

Number of fingers 29
Fingers width 0.8 �m

Fingers minimum length 5.5 �m
Fingers maximum length 12.5 �m

Fingers radial spacing 2.8 �m
Rotor-Stator fingers distance 1 �m

Initial overlapping angle 2◦

Maximum comb-drive angular displacement 2.5◦

CSFH
Curved beam length 106 �m
Curved beam width 0.6 �m

Curvature radius 20 �m

3. Numerical Approach

In the present investigation, the comb drive and the flexure hinge act as the two main
components and, at the same time, as the two critical aspects of the device under study.
The comb drive converts electrostatic energy into elastic potential energy, the latter one
being stored by a progressive inflection of the curved beam. As a consequence, the flexure
hinge enables the rotation of the device tip [47]. In this context, one of the most generally
adopted geometrical parameters, critically important both for the comb drive and the
flexure, is the well-known aspect ratio �, which is defined as u/�, where u is the device
layer thickness. The device’s characteristic width � will be herein intended to be equal
to the smallest geometric edge of the solid structure. Therefore, just for the sake of the
present investigation, � will be equal to the curved beam width (see Figure 1). Usually, � is
regarded as one of the most relevant design parameters for MEMS technology based planar
devices, and, in the examined case, it critically affects the in-planar flexures operational
capabilities: the higher it is, the better [33].

The influence of the scaling effects on the device capabilities can be conveniently
predicted theoretically before entering the prototyping stage [48]. However, if the geometry
and the material configurations are complex, reliable predictions are very difficult to be
carried out, risking partial or total failures. As a consequence, the need for iterating some
fabrication steps gives rise to a great increase of the overall fabrication costs.

By introducing a down-scaling non–dimensional index � = �̂/� as the ratio of an
arbitrary width �̂ = 0.6�m of the curved beam (at the initial scale), divided by the actual
(variable) width �, a numerical approach can be introduced to develop new design charts
that could be used to reduce the number of attempts in prototyping.

This method can be summarized by the following phases:

1. preparation of the device model for the electromechanical simulations;
2. applications of the voltage between the electrodes for a variety of values;
3. determination of the voltage variability ranges due to the presence of critical voltage

values; such ranges depend on the pull-in voltages [49] at which the fingers may
induce short-circuits because of instability effects;

4. analysis of the device response in terms of motion, as well as of mechanical stress;
5. iteration of the procedure for different sets of � and � values;
6. mapping of the results with the limits due to the fabrication process;
7. arranging the design charts to offer a friendly display of the scaling effects on the

device performances.

The electromechanical simulations have been carried out using COMSOL Multiphysics®

5.4. The electromechanics physics module models the electrostatic-mechanical coupling
and solves the structural and electrostatic equations at once. A movable mesh node was
also employed to account for the deformation of the air domain mesh, which allowed us
to consider the electrostatic interaction between the comb-drive fingers in the air. The dis-
placement of the mesh has been solved using the hyperelastic smoothing method. Several
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scaling factors within the range 0.2 ≤ �≤ 15 were adopted assuming � = 0.6�m as reference
parameter for � = 1. Values of � equal to 1, 2 and 5 were chosen to examine the device
response at different aspect ratios. Both the normal and the von Mises Stress equivalent
criteria have been adopted to study the device mechanical strength. The von Mises yield
criterion is used to predict yielding of materials that are subject to complex loading con-
ditions, once the results of the uniaxial tensile tests are known, assuming that two stress
states with equal distortion energy have an equal von Mises stress. The maximum normal
stress criterion, chiefly used for brittle materials, is based on the assumption that failure
occurs when the maximum principal stress reaches the ultimate strength of the material for
simple tension.

Two performance indices were considered to assess the device electromechanical per-
formances:

• the maximum operating voltage that the comb configuration is able to sustain with no
pull-in occurrence;

• the device maximum sensitivity in terms of angular displacement per unit Volt (°/V).

The electric and mechanical boundary conditions are highlighted in Figure 2a. The pad
with non-moving fingers (A) is supplied with voltage V and is mechanically fixed. The edges
(B) are fixed and the whole moving part of the device is grounded (V = 0 V). The maximum
and minimum mesh element sizes were set to secure the same number of elements for each
analyzed scaling factor �.

The overall mesh consists of 89,100 triangular elements (Figure 2b,c), with quadratic
serendipity geometry shape function. The direct solver MUMPS, configured in a segregated
approach, has been used to solve the model. The relative tolerance for the error was set to
0.001. For each set of geometric parameter (�, �) and a single voltage value, the simulation
time is variable (around 2 min on portable computers equipped with Intel® Core i7 8th
generation CPU and 16 GB RAM).

The nanosystem is made of silicon and the anisotropic elasticity formulation was
considered in the Finite Element simulations. The anisotropic stiffness coefficients of Si
〈100〉 was inferred from [50] and reported in Table 2 together with further specifications of
the materials considered in the simulations. The nonlinearity due to large deflections was
also taken into account.

Table 2. Materials’ specifications.

Si 〈100〉

Property Value Unit

c11 165.6 GPa
Stiffness coefficients c12 63.9 GPa

c44 79.5 GPa

Tensile strength σs 170 MPa

Relative permittivity εr 11.9 –

Density � 2320 kg
m3

Poisson’s ratio ν 0.22 –

Specific heat cp 680 J
kgK

Operative temperature Tr 298.15 K

Air

Density � 1.225 kg
m3

Specific heat cp 1005 J
kgK

Relative permittivity εr 1 –
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Figure 2. (a) 2D model mechanical and electrical boundary conditions of the device under examina-
tion: the pad (A) is anchored and supplied with a potential V, the edges (B) (highlighted in yellow
color) are fixed and the entire device is electrically grounded (GND). (b) generated mesh; (c) mesh
details of the interdigitated fingers.

4. Results and Discussion
4.1. Numerical Results

Figure 3a shows the total displacement of the structure at its maximum bearable
actuation voltage (in this case, equal to 2.14 V), considering a unitary aspect ratio ( ρ = 1)
and β equal to 1. At the same ρ and β , Figure 3b reports the x and y components of the
tip displacement (respectively acting along horizontal and vertical directions) at different
actuation voltages.

Figure 3. (a) Device total displacement distribution for V = 2.14 V and ρ = 1, β = 1; (b) device tip x
and y displacement vs. voltage supply (ρ = 1, β = 1).

Figure 3b shows that the device tip displacement grows quadratically with the supply
voltage, as expected for electrostatically actuated comb-drives [51]. With the aim of studying
the impact of β and ρ on the proposed device performance, a series of incremental numerical
simulations have been planned and carried out. Firstly, the pull-in voltages were evaluated
for each combination of scaling factor and aspect ratio. Table 3 has been built by calculating
thirty values of the pull-in voltages for thirty combinations of ten scaling factors β by three
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values of the aspect ratio �. These data show that the pull-in voltage depends more on �

than on �.

Table 3. Pull-in voltages for different combinations of scaling factor � and aspect ratio �.

Scaling Factor (β) Pull-in Voltage (V)
ρ = 1 ρ = 2 ρ = 5

0.2 11.71 11.06 12.58
0.5 4.53 4.56 4.59
1 2.38 2.53 2.27
2 1.11 1.15 1.27
3 0.76 0.81 0.78
4 0.60 0.58 0.61
5 0.45 0.45 0.53
6 0.38 0.38 0.39
10 0.23 0.23 0.23
15 0.13 0.15 0.15

After assessing the pull-in phenomenon, the maximum operating voltage was then
considered as 90% of the pull-in voltage, in order to study the stresses suffered by the
structure. Figure 4a shows the maximum von Mises stress evaluated at the most critical
part of the device, here correspondent to the curved flexure hinge, for several scaling
factors � and aspect ratios �. The maximum normal stress is also considered and plotted in
Figure 4b. According to the device material behaviour, ductile or brittle [52], the designer
may conveniently refer to the von Mises stress or maximum normal stress data, respectively.
However, it can be observed that, for the two criteria, a negative linear tendency appears
weakly with a rather highly scattered pattern around an average value of 5 MPa which
is way below the material tensile strength (i.e., 170 MPa). The lack of accuracy could be
due to the fact that the stress evaluation is performed close to the pull-in voltage, a region
where the MEMS behaviour is strongly nonlinear and unstable. It is worth noting that
the von Mises and normal stress data scattering is not homogeneous for the considered
cases. In fact, data present higher scattering for the cases � = 1 and � = 2 than for the case
� = 5. This phenomenon is probably due to the fact that, since the curved beam is a little
more robust, the phenomena of numerical instability are less evident. To cope with the
problem of data scattering, and considering that a slight convergent trend can be observed
for increasing � values, a pair of green dotted lines has been added to both figures for a
more immediate interpretation of the phenomena. From a stress point of view, these plots
reveal how the designer can rely on a good materials and mechanics synthesis for a given
scale, without potentially incurring in divergent behaviors or abrupt changes by orders of
magnitude if any scale variation is needed.

Afterwards, the ways � and � affect the performances of the actuator were examined.
For this purpose, the motion sensitivity to the actuation voltages, defined as the rotation
(expressed in degrees) experienced by the comb-drives per unit of Volt supplied to the
device, and the maximum operating voltage were evaluated for different � and � values.
The outcomes are illustrated within the design chart reported in Figure 5. The plots display
that the device sensitivity increases linearly with downsizing (Figure 5a). On the other hand,
the maximum operating voltage hyperbolically decreases with � (Figure 5b). It is worth
noting that the aspect ratio seems to have no significant impact on the device’s sensitivity,
and only a limited impact (variation of about 6.8%) on the maximum operating voltages
for relatively low � values (equal to 0.2), corresponding to relatively big geometries scale
(� = 3�m).
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Figure 4. (a) Maximum von Mises stress reached at the most critical section for several scaling factors
β and aspect ratios ρ ; (b) maximum normal stress reached at the most critical section for several
scaling factors β and aspect ratios ρ .

From a technological standpoint, as reported in Figure 5c, if bigger scales are chosen
(β equal to 0.2 or 0.5), consolidated fabrication methods can be used to obtain a prototype:
UV-lithography can be used to pattern the geometries on Silicon-on-Insulator (SOI) sub-
strates [53]. If downscaling is needed, electron-beam lithography (EBL) must be used for
accurate definition of sub-micrometre geometries [54]; moreover, since our results display
no major changes when varying the aspect ratio, thinner structures can be considered for
the same purpose. Therefore, Chemical Vapor Deposition (CVD), as well as Atomic Layer
Deposition (ALD) or Epitaxial Growth, can be employed for its fabrication [55] (more details
in the next section). Such results are believed to be useful to identify the optimal sizing of a
MEMS/NEMS device for a given technology, based on the desired performances. In fact,
within the scope of a given application, with prescribed maximum angular displacement,
maximum operating voltage and allowable workspace, the designer is oriented toward the
most appropriate fabrication process. For example, if the voltage amplitude and overall
device size are not critical and large rotations (up to 2°) are involved, it is worthwhile to
enlarge the device under examination and prefer consolidated fabrication methods in order
to contain its corresponding costs. Conversely, if the overall device size is forced to be
extremely scaled, higher device sensitivity and narrower voltage operating ranges should
be expected. Such systems eventually require more demanding fabrication technologies,
higher costs and, consequently, different applications’ spectra.

4.2. Technological Demonstration

Different fabrication procedures were employed to manufacture prototypes of the
studied design. Figure 6 shows several Scanning Electron Microscope (SEM) pictures of
the structure under analysis for β equal to 1. If a high aspect ratio is required for the
proper functioning of the device, a Silicon-on-Insulator (SOI) substrate with a relatively
thick device layer and Deep Reactive Ion Etching (DRIE) patterning are most likely to be
adopted. SOI technology was originally conceived for integrated circuits [56] and then
chosen for a wide range of applications, from MEMS sensors and actuators to integrated
photonics [57,58]. Nowadays, SOI is a consolidated method and uses DRIE as a crucial
patterning step, consisting of an anisotropic etch of silicon that can reach significantly high
depths by exploiting the plasma phenomenon [59]. This is the case of Figure 6a,b, whose
SEM pictures refer to a SOI substrate where a device depth of about 10 µ m was obtained by
means of DRIE, achieving an aspect ratio of 16.6.
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Figure 5. (a) Device sensitivity vs. scaling factor β evaluated for different aspect ratios ρ ; (b) maxi-
mum operating voltage vs. scaling factor β evaluated for different aspect ratios ρ ; (c) design chart
with the two behaviors plotted in the form of mean and standard error and including technological
solutions for three different scaling macroareas.

Figure 6. (a) SEM picture the structure under analysis, obtained with SOI technology after the DRIE
patterning process, 45° tilted view; (b) 45° tilted enlargement on the comb fingers; (c) SEM picture
of the structure under analysis obtained with a-Si after the RIE patterning process, 45° tilted view;
(d) 70° tilted view of the device.



Actuators 2022, 11, 71 9 of 13

If lower aspect ratios can be tolerated, the deposition of a thinner film, using low-cost
materials (such as amorphous silicon) and methods (such as Chemical Vapor Deposition,
CVD) on low-cost substrates (such as glass) can be considered, and patterning by Reactive-
Ion Etching (RIE) can be performed [32,60]. Amorphous silicon has been extensively
studied and implemented in applications where low costs and technological versatility are
crucial, such as solar cells or flexible electronics [61,62]. It is patterned using RIE, which
adopts the same method but with less process steps, less expensive machinery, and simpler
recipes [63]. This is the case for Figure 6c,d, whose SEM pictures refer to a glass substrate
where a-Si has been deposited by CVD and a device depth of about 1.5�m was obtained
by means of RIE, achieving an aspect ratio of 2.5.

All these concepts demonstrate that, depending on the desired performances, different
strategies can be implemented for MEMS/NEMS prototyping. In the examined case, a more
consolidated approach, such as SOI, can be seen as mandatory at first glance. However,
a simple and fast numerical procedure shows how overall performance and functioning
cannot be substantially hindered by lowering the device’s aspect ratio; this enables the
usage of alternative methods to obtain thinner films and less complex patterning techniques,
with the additional chance of widening its spectrum of applications.

5. Discussion

The structure maximum normal and von Mises stress has been defined in correspon-
dence of the maximum bearable voltage in order not to incur into the pull-in state. This
criterion is a rather arbitrary one, and therefore the reader must consider that different
results could be obtained with a different definition. According to our choice, strength does
not seem to be significantly dependent on downscaling. This suggests that a solid design
which secures bearable stresses can be heavily downscaled without concern about major
changes of responses to stress. In other words, the reported results, for the specific test case
and the peculiar definition of the maximum bearable voltage, show how scaling does not
significantly change the device’s response to mechanical stresses.

The device sensitivity, in terms of rotation degrees per unit volt applied, was observed
to increase linearly with the downscaling. At the same time, the actuator’s maximum
bearable voltage before pull-in was observed to decrease hyperbolically with downscaling.

In addition to this, the study has included analyses for different values of a structure’s
aspect ratio, the latter being a crucial issue from both a technological (deep trenches
fabrication) and functional (secure in-plane movement without out-of-plane inflections)
standpoint: the evaluated performances in terms of sensitivity and maximum operating
voltage display no significant changes when varying this parameter. In fact, significant
improvements of the aspect ratio (2× and 5× the initial value) produce the same results
having less than 5 % variation, with the sole exception of the maximum operating voltage
at a scaling factor equal to 0.2 (6.8 % variation). This aspect invoked additional research
on prototyping methods, and two technological strategies were examined: the first one,
more consolidated and standard, is relying on relatively thicker crystalline silicon and
SOI-DRIE; the second one, more unconventional and versatile, is relying on relatively
thinner amorphous silicon and PECVD-RIE.

6. Conclusions

This work illustrated the impact of downscaling on the electromechanical functioning
of a test case MEMS/NEMS Technology-based rotary comb drive actuator. An extensive
numerical analysis, based on Finite Element Analysis, has been launched on the test device
for different values of geometrical parameters. It was observed that the device sensitivity,
in terms of rotation degrees per unit volt, increases linearly with downscaling. At the same
time, the actuator maximum bearable voltage before pull-in was observed to be decreasing
hyperbolically with downscaling. It was also found out that the device’s aspect ratio, which
is a crucial parameter from the technological process standpoint, seems to yield negligible
effects both on sensitivity and on the maximum operating voltage. In order to make these
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observations more clear, scaling-performance maps have been built, and herein presented,
to be used as first aid design charts to reduce the prototyping time and costs. Finally,
the structure stress analysis at the maximum operating voltage was performed for all the
considered parameters combinations in order to verify the device structural integrity. It
turned out that the maximum normal and von Mises stresses were not significantly affected
by downsizing and their average values were around 5 MPa, which is far below the tensile
strength of Silicon. In conclusion, the present study offered an example of development of
a design chart that guides designers towards the choice of the most suitable technology,
for the desired level of downscaling, and allows them to predict how the sensitivity and
operating voltage would change with downsizing.
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