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a b s t r a c t   

Residual vibrations are a recurrent problem in MEMS actuators leading to a limitation of their dynamics and 
lifespan. This paper presents a voltage-controlled technique and its applicability to suppress residual vi-
brations in high voltage (about 100 V) electrostatic comb-drive actuators. The studied actuator is composed 
of a driving module and a clutch module devoted to the step by step driving of linear or circular gears. 

The proposed method is based on a command shaping technique well adapted to be integrated in an 
Application-Specific Integrated Circuit (ASIC), especially for nomadic applications. Firstly, an electro-
dynamic characterization is used to extract the key voltages of the optimized command signals. The key 
voltages correspond to the beginning and the end of the actual displacement. The command signals consist 
of two begin/end voltage jumps and a linear voltage rise/fall in an optimized time between the key voltages. 
Then, experimental validations investigated the influence of voltage fall time for a MEMS chip and the 
resulting dispersion for a set of 8 MEMS chips. The results show that residual vibrations are reduced by a 
factor higher than 20 in terms of the amplitude rate of bounces against back stop and the settling time of 
free oscillations. Finally, an analog circuit capable of building the optimized command signals is proposed 
and will be implemented in the next generation of the ASIC driving the electrostatic two-module actuator. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Nowadays, electrostatic microelectromechanical systems 
(MEMS) are increasingly present in various fields and applications 
due to their miniaturization, low power consumption and ease of 
integration using silicon micromachining processing techniques. 
Electrostatic MEMS are widely used as sensors in a multitude of 
applications, but they are also used as actuators in high-end 
industries, e.g. switches in telecommunications [1], accelerometers 
in smartphones and automobiles [2], 2D and 3D micro-position in 
micro mirror applications [3,4] and so on …. 

Residual vibrations caused by MEMS actuations often remains a 
major problem that degrades system performance and reliability  
[1,4,5]. Therefore, many researches based on different damping ap-
proaches have addressed this issue in order to eliminate or at least to 
reduce these vibrations without losing the kinematic performance of 
the actuator. 

Passive mechanical damping by introducing dissipative dielectric 
media is a solution considered to modify the dynamics of electro-
static actuators in [6,7]. Burugupally et al. [7] develop a model 
describing the dynamic response of a parallel-plate actuator moving 
in a dissipative medium and illustrating in particular the behavior 
near the pull-in voltage. Schroedter et al. [6] theoretically and ex-
perimentally address the silicone oil damping on the dynamics of a 
vertical comb-drive. The oscillations are strongly reduced but char-
acteristics as permittivity, refractive index and eigenfrequency of the 
system are largely modified. 

Other works are interested in new mechanical architectures 
mainly implemented in gap-closing actuators [8–10]. In these cases, 
it is more precisely a question of pull-in instability knowing that this 
can also be at the origin of residual vibrations due to sudden contact 
as in switch applications. For example, Rivlin et al. [9] designed 
elastic springs with monotonically increasing stiffness counteracting 
the nonlinear response of the electrostatic gap-closing actuators. 
Such a system allows to increase the dynamic range and to force a 
smooth and controllable linear relation between applied voltage and 
resulting displacement. Abdul Rahim et al. [10] consider a hybrid 
approach between electrical and mechanical architecture. Indeed, a 
dual electrode configuration is designed: one electrode is used to 
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actuate the beam switch to the gate while an additional electrode is 
used to decelerate the beam to control bouncing. 

However, most of the work on residual vibrations problems 
integrates electrical solutions because they do not affect the archi-
tecture and therefore the intrinsic kinematic properties of the 
system. Two main types of techniques can be distinguished: charge 
drive technique and voltage drive technique. Only a few works have 
focused on the charge control solution. Castaner et al. [11] and Choi 
et al. [12] perform numerical simulations of RF MEMS switches 
showing the possibility to reduce the energy consumption and 
especially to slow down the speed during the switching phase. 
While the authors do not explicitly mention any benefits on po-
tential rebounds, the slowing of the speed is necessarily favorable. 
Spasos et al. [13] have implemented a resistance of 33 MΩ in series 
with the power source to study the effectiveness of the charge drive 
technique to suppress residual vibrations in RF Switch. The authors 
point out the trade-off between vibration reduction and longer 
response time due to resistive damping. 

On the other hand, the voltage drive technique has been more 
widely used according to closed-loop or open-loop control. The 
closed-loop control [14,15] requires the integration of additional 
sensors and processing circuits, which are more expensive and 
complex and requires an additional delay in the response time of the 
system. This may be a substantial drawback in real-time applications 
with strong time-critical constraints such as road safety, aeronautics. 
This favors open-loop control, which simply consists in shaping the 
control signal, hence its usual calling of command shaping or also 
input shaping. 

In [16], Chen et al. review and develop the three main types 
of command shapers used to control three types of electrostatic 
actuators: (a) linear actuators based on comb-drive structures, 
nonlinear actuator based on parallel plate structures either in stable 
(b) or pull-in (c) operation. 

In the case (a) of linear actuators, the best-known command 
shaping suggested by Singer et al. [17] are Zero Vibration (ZV) and 
the Zero Vibration and Derivative (ZVD). Their principle is based on 
linear superposition of two-steps and three-steps sequence shaping 
the initial command in order to respectively obtain a zero residual 
vibration amplitude and in addition a zero derivative at the system 
eigenfrequency. Eun et al. [18] successfully applied both methods ZV 
and ZVD on a vertical comb-based electrostatic torsional micro-
mirror reducing the residual vibrations (characterized by the percent 
overshoot) from 60% to respectively 36% and 6%. However, many 
other ZVD-based shapers have been investigated as “Extra-In-
sensitivity” and “Specified-Insensitivity” as reported in [19] in order 
to take into account possible deviation on eigenfrequencies. 

In the case (b) of nonlinear actuators, Yin et al. [20] and Chen 
et al. [21] using an energy method proved theoretically and ex-
perimentally that two-steps (ZV) and three-steps (ZVD) shapers 
remain also efficient with amplitudes and acting time of steps dif-
ferent from the linear case depending in particular on initial gap. In 
the case (c) of nonlinear actuators as RF switches, the problem is 
different because it is a question of avoiding the sudden contact 
between mobile and fixed electrodes caused by the pull-in phe-
nomenon. The suitable control signal is based on a three phases 
pulse-and-hold technique proposed in several works [22,23]. In a 
first phase, an actuation pulse voltage is applied to ensure the ex-
pected displacement. In a second phase, the voltage is turn-off for a 
time period, so that the actuator decelerates to zero speed at the 
contact point. Finally, a holding voltage lower than the actuation 
voltage is applied to keep the mobile electrode in contact. In [24], 
the authors have proposed a command shaping to handle the pro-
blem of residual vibration in both pull-in and release phases. Then, 
they have extended their work by the proposal of a modified shaped 
scheme in order to increase the robustness against parameter un-
certainties. Most of the solutions put forward so far do not take into 

account the real conditions of industrial MEMS applications. The 
actuators are usually controlled by means of computer and ampli-
fiers. In the case of real applications and especially nomadic ones, it 
is essential to study the feasibility of building the proposed com-
mand shapes using integrated circuits ICs from built-in batteries. In 
this work, an adapted shaped signal, easy to be implemented 
without control circuit, is presented. This makes it well suited for 
real MEMS applications with constraints of footprint, power con-
sumption and cost. 

The present work deals with an electrostatic actuator [25] com-
posed of two comb-drive based modules devoted to step by step 
motorization of linear or circular gears. The applications envisaged 
are mainly nomadic motorization with a minimum footprint, e.g. for 
counting and/or displaying environmental or physiological data. A 
driving tooth is attached to both modules with decoupling elastic 
beams: it can be moved outwards or towards the gear by the clutch 
module and it can drive the gear by the driving module. Successive 
clutching and driving sequences allow the moving element to be 
driven step by step. Residual vibrations occur when the clutch or the 
driving module reach the end of its stroke (usually powered by 
electrostatic field interactions) or returns to its initial position 
(usually powered by elastic restoring), either freely or in a stop. 
These vibrations are unfavorable to proper operation because they 
lead to an increase of the settling times limiting the actuation fre-
quencies, and/or they cause repeated shocks degrading the opposite 
surfaces and consequently the overall life of the system. Resisting 
torques from friction and/or unbalance, inertial loads to be driven 
require additional voltage compared to that needed for achieving the 
stroke. Moreover, the modules can be pre-stressed in particular to 
make easier the microfabrication process. Thus, the actual dis-
placement takes place between two key voltages. In this context, 
linear schemes as ZV/ZVD are not well suited for application over the 
full voltage range. 

In this paper, a command shaping based on a voltage drive 
technique is especially developed for a comb-drive based two- 
module actuator. Its performances in terms of residual vibrations 
reduction and its suitability for integration into specific integrated 
circuits are presented in the following sections. 

Section 2 presents the actuator architecture and the context, the 
experimental set-up and the residual vibrations problem. Section 3 
outlines the construction of the command shaping based on ex-
perimental and theoretical considerations. Section 4 is devoted to 
experimental validations of optimal shaping parameters for a given 
actuator and their relevance on a batch of actuators. In Section 5, a 
hardware circuit is briefly described to best satisfy the shaped sig-
nals identified in previous sections. Lastly, conclusions are drawn on 
the benefits from the performances and the integration capabilities 
of the proposed solution and some application perspectives are 
discussed. 

2. Residual vibration in a two-module comb-drive actuator 

2.1. Architecture and kinematics of the two-module comb-drive 
actuator 

Fig. 1 shows the architecture of the two-module comb-drive ac-
tuator designed to drive step by step a circular gear. The actuator is 
fabricated by Deep Reaction Ion Etching from an SOI (Silicon on 
Insulator) wafer. The main steps of a similar fabrication process can 
be found in details in [26,27]. 

Two driving teeth are attached to both modules by decoupling 
elastic beams: the driving and the clutch modules leads respectively 
to X and Y displacements. Both modules are made up of inter-
digitated combs and elastic guiding beams respectively ensuring an 
“electrostatic actuated” X+/Y+ motion and an “elastic restored” X-/Y- 

motion of the driving teeth. As shown in Fig. 1, the footprint of the 
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driving module is larger than the clutch module one due to a greater 
number of interdigitated combs. Indeed, the driving module must 
generate a force capable of driving a moving element and thus has to 
overcome external loads such inertial loads or frictional forces.  
Table 1 reports the main mechanical and geometrical parameters of 
the complete actuator and especially the electrostatic force coeffi-
cient called β so that: Felec ≈ β. V2 with Felec the electrostatic force and 
V the voltage difference between fixed and mobile interdigitated 
combs. In such a comb-drive structure, “normal” (displacement- 
dependent, mainly between tips of comb teeth of one comb and the 
notch of the opposite comb) and “tangential” (displacement-non-
dependent, between two neighboring teeth of two opposite combs) 
electrostatic forces take place. However, the present comb structure 
has been designed so that the “tangential” forces are much larger (in 
a ratio from 10 to 100), so β is a constant depending only on the 
geometry. 

At the design stage, the interdigitated combs do not overlap to 
facilitate etching. The driving module includes a latching mechanism 
which moves the mobile combs towards the fixed one by a pre-de-
fined value. This allows the combs overlapping for a proper oper-
ating mode (driving requires a useful force from the initial position) 
and to have a non-zero value of the restoring force all along the 
“elastic restored” motion. Thus, the driving module moves between 
two stops located at Δback (10 µm) and Δfront (40 µm), i.e. a stroke of 
Δfront - Δback (30 µm). In addition, residual vibrations are translated 
into bounces against front stop (40 µm) for the X+ motion and 
against back stop (10 µm) for the X- motion. 

There is no latching mechanism on the clutch module which does 
not require any useful force. Edge effects between non-overlapping 
combs initiate very gradually the declutching (more details in § 3.1). 
Thus, the clutch module is supposed to move between the free initial 
balance position (Δbal = 0 µm) and the front stop (Δfront = 45 µm). In 

Table 1 
Main mechanical and geometrical parameters of the driving and clutch modules.      

Driving Module Clutch Module  

Material Single crystal silicon (100) Single crystal silicon (100) 
Footprint and thickness 3500 µm x 3000 µm and 200 µm 2500 µm x 1200 µm and 200 µm 
Back and front stop Δback = 10 µm and Δfront = 40 µm Δback = −10 µm and Δfront = 45 µm 
Balance position Δbal = Δback = 10 µm Δbal = 0 
Total stroke 30 µm → (Δfront) – (Δbal) 45 µm → (Δfront) – (Δbal) 
Nominal stiffness (guiding beams) kdriving ≈ 198 N/m kclutch ≈ 55 N/m 
Moving mass mdriving ≈ 1.126 mg mclutch ≈ 0.323 mg 
Electrostatic force coefficient βdriving ≈ 0.864µN/V2 βclutch ≈ 0.252µN/V2 

Fig. 1. Layout of the two-module comb-drive actuator with the circular gear to be driven.  
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fact, as shown in Fig. 1, a back stop (Δback = −10 µm) located behind 
the initial position can partially limit the free oscillations. Also re-
sidual vibrations are translated into bounces against front stop 
(45 µm) for the Y+ motion and free oscillation down to the back stop 
(−10 µm) for the Y- motion. 

Fig. 2 illustrates the drive-clutch time sequences allowing to 
drive a circular gear in the clockwise direction: (0) initial position, 
(1) drive sequence by “electrostatic actuated” motion of the driving 
module, (2) declutch sequence by “electrostatic actuated” motion of 
the clutch module, (3) free-load back sequence by “elastic restored” 
motion of the driving module and (4) clutch sequence by “elastic 
restored” motion of the clutch module. 

2.2. Experimental set-up 

The manipulation consists in applying dedicated shaping signals 
for each module and then extracting the associated motion using a 
video processing technique. This latter allows ultra-fast and non- 

contact data acquisition with high accuracy allowing both spatial 
and temporal analysis. The complete instrumentation chain used in 
the experimental part is presented in Fig. 3. First, the control signals 
are built from the waveform generator (Tabor 1074). The two- 
module comb-drive electrostatic actuator is powered by 110 V 
voltage to ensure driving capacities, therefore electric signals from 
the waveform generator not exceeding 10 Vpp (peak to peak) are 
amplified by a high voltage amplifier x 50 (Tabor 9400). Then the 
amplified electrical signals feed the actuator through a probe station 
by contacting gold pads of each module. The video acquisition is 
performed by a v710 PHANTOM ultra-high speed camera mounted 
on OLYMPUS microscope equipped with x 50 zoom. Resolution and 
acquisition rate are respectively 256 × 256 pixels and 79 kframes per 
second. The video file is recorded by a usual computer and lastly an 
image analysis with TEMA® motion tracking software is performed. 
Thus, the current displacements of each module are tracked as 
a function of time and can eventually be correlated to the 
corresponding voltage. 

Fig. 2. Chronological sequence to drive a circular gear in the clockwise direction.  

Fig. 3. Instrumentation chain for the displacement tracking of the driving and clutch modules.  
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2.3. Residual vibrations induced by unshaped signals 

In order to illustrate the residual vibration problems, experi-
ments are first conducted with unshaped signals featuring jumps in 
increasing or decreasing voltage. In practice, this rapid switching or 
jumps between two voltage values of the signals are limited by the 
capacities of the wave generator and here of the voltage amplifier, 
that are around 0.5µs/100 V for the materials involved in the 
instrumentation chain. 

The chronogram of the unshaped signals is shown in Fig. 4. A 
time shift between driving and clutch module signals is shown to be 
consistent with the driving sequence. In the experiments, each 
module is studied separately. 

Fig. 5 shows the displacement responses of the driving and the 
clutch modules to the unshaped signals. The voltage rise and fall 
correspond respectively to the “electrostatic actuated” motion and 
the “elastic restored” motion. To analyze and quantify residual vi-
brations, two criteria are defined: the amplitude rate of the first 
bounce or oscillation compared to the total stroke called AR and the 
settling time ST5% to satisfy a maximal 5% amplitude rate. For the 
driving module, “back” bounces with AR ≈ 53% and ST5% ≈ 1 ms are 
slightly more pronounced than “front” bounces with AR ≈ 39% and 
ST5% ≈ 0.53 ms. For the clutch module, differences are even more 
striking with AR ≈ 59% and ST5% ≈ 4 ms for “back” bounces and AR 
≈ 30% and ST5% ≈ 0.7 ms for “front” bounces”. 

To conclude this section, residual vibrations are clearly pointed 
out for unshaped signals and the resulting dynamical responses il-
lustrate two major drawbacks. Firstly, the required chronology of the 
different phases necessitates a full stabilization of the previous 
motion before beginning the next one, and thus limits the actuation 
frequency. Secondly, the abrupt switching between the different 
positions causes significant mechanical shocks between opposing 
surfaces, which can rapidly degrade the driving element and con-
sequently the performance of the actuators. In the next section, a 
solution based on the command shaping technique is proposed in 
order to improve the dynamic control of the two module comb-drive 
actuators in terms of amplitude rate and settling time. 

3. Command shaping: key voltage features and damping times 

3.1. Electromechanical characterization: identification of key voltages 
in a no-load configuration 

Residual vibrations could be controlled by lengthening times of 
the voltage rise/fall so that it ensures a very low speed (if possible 
zero in theory) at the end of the movement and causes the minimum 
bounces or free oscillations. However, this approach may be not 
compatible with expected actuation frequency and/or power con-
sumption for the intended application. The solution proposed in this 
work is a trade-off based on damping the voltage rises and falls only 
on the voltage ranges inducing an effective displacement of the two 
modules. In the following, the key voltage features that represent 
the voltage range limits are called Vbegin and Vend. 

Figs. 6 and 7 show the electromechanical characterization of the 
two-module actuator in terms of X (driving module) and Y (clutch 
module) displacement as a function of the applied voltage. The 
displacement of the driving teeth is reported in a no-load config-
uration, i.e. without any gear to be driven. Indeed, the applied vol-
tage is a triangular signal with a maximum voltage of 110 V and a 
low frequency of 1 Hz to avoid inertial phenomena. For both mod-
ules, the electromechanical behavior consists of three phases, both 
in increasing and decreasing voltage. The driving module is sup-
posed to move between a pre-deformed value of 10 µm and the front 
stop at 40 µm. In the first phase, from 0 V to Vbegin, the electrostatic 
actuation force is lower than the elastic restoring force of the pre- 
deformed guiding beams and thus no displacement occurs. At Vend, 
the driving module contact the front stop and logically no further 
displacement is possible. Thus, the effective displacement takes 
place between Vbegin around 45 V and Vend around 97 V. In Fig. 7, the 
behavior of the clutch module is slightly different during the first 
phase between 0 V and Vbegin. It is recalled that in this work, the 
clutch module is not pre-deformed and have non-overlapped fixed 
and mobile combs. Before the actual overlap of combs, electrostatic 
interactions are due to edge effects and not to usual tangential 
parallel-plate electrostatic forces. Thus, in the first phase, the 

Fig. 4. Chronogram of the unshaped signals for driving the two-module comb-drive actuator.  

Fig. 5. Mechanical responses of the two modules according to the unshaped command signals.  
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displacement is not zero but evolves very weakly in increasing or 
symmetrically in decreasing voltage. As shown in Fig. 7, the corre-
sponding voltage Vbegin is identified around 35 V at the intersection 
of the tangents of the curves representing the first and second 
phases. In the same way as for the driving module, the clutch 
module contacts the front stop at Vend around 99 V. 

3.2. Shaped command signals: general case, specificity of the 
“electrostatic actuated” motion and theoretical estimation of the 
voltage fall time for the “elastic restored” motion 

3.2.1. General case 
Fig. 8 illustrates the new chronogram with the shaped command 

signals. Considering for example the rise in voltage, each command 
signal consists in an abrupt switching between 0 V and Vbegin, a 
voltage ramp between Vbegin and Vend with a time rise τ to be de-
termined and a last abrupt switching between Vend and VMAX (i.e. 
110 V). The shaped command signal for the fall in voltage is the 
symmetrical one. Although the voltage ramp is the actual only 
damping phase, voltage jumps are important. On the one hand, the 
first jump avoids having to maintain the Vbegin voltage during the 

rest phases, which could be a source of power consumption (leakage 
of electric charges). On the other hand, the second jump is related to 
the additional voltage required to overcome resisting torques to 
drive the gear. 

In the proposed application, the constraints on the rise time or 
the fall time τ are different depending on the corresponding motion, 
either the “electrostatic actuated” motion or the “elastic restored” 
motion. 

3.2.2. Specificity of the “electrostatic actuated” motion 
The targeted applications concern preferably the motorization of 

mechanical elements in portable devices. Therefore, ASICs are used 
to control and to power the two-module actuators. These circuits 
integrate in particular voltage multiplier stages (one per module) in 
order to reach voltages of the order of 100 V from a button cell of 
1.5 V or 3 V. In [28], such a voltage multiplier stage is rapidly de-
scribed: i.e. an integrated charge pump characterized by an average 
rise time about 0.8 ms to reach a voltage of 110 V from 3 V. To il-
lustrate this problem, the previous experimental set-up is used to 
generate a linear voltage rise from 0 V to 110 V in 0.8 ms. Figs. 9a and  
9b show the resulting displacement in three cases: unshaped 

Fig. 7. Electromechanical characterization of the clutch module displacement as function of voltages.  

Fig. 8. New chronogram with shaped command signals for the two-module comb-drive actuator.  

Fig. 6. Electromechanical characterization of the driving module displacement as function of voltages.  
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command, shaped command (τ is about 0.5 ms which is in the op-
timal range, see §4 on Experimental results) and simulated com-
mand charge pump. Thus, the rise time about 0.8 ms is slow enough 
so that residual vibrations do not occur in “electrostatic actuated” 
motions for both driving and clutch modules. Thus, the relevance of 
a command shaping must be evaluated in relation to the possible 
applications and especially to the means of integration of the solu-
tion. Moreover, the damping due to the charge pump during the 
“electrostatic actuated” motion justifies the identification of the key 
voltages in a no-load configuration. This is the case of the free back 
motion of the driving module corresponding to the “elastic restored” 
motion. However, the problem for the “elastic restored” motion re-
mains unresolved because the charge pump is usually cut off and a 
sudden drop in voltage takes place. 

3.2.3. Theoretical estimation of the voltage fall time for the “elastic 
restored” motion 

The modal analysis of the two-module structure with ANSYS® 
software shows that the lowest mode of resonance around 2 kHz is 
the rigid body displacement of the mobile combs controlled by the 
spring effects of the flexible guiding beams. The first next resonance 
mode is related to the bending modes of the combs around 11 kHz. 
Thus, due to the frequency gap, both modules can be simply mod-
eled by a unidimensional mass-spring-damper model with the fol-
lowing parameters: mdriving or mclutch the mobile mass (mobile 
combs and support / driving teeth) of the driving or clutch module, 
kdriving or kclutch the bending stiffness of the guiding beams of the 
driving or clutch module and α the damping coefficient. Figs. 10a and  
10b show a schematic representation of possible final configurations 
of the driving and clutch modules in the “elastic restored” phase 
during the voltage fall. In Fig. 10a, the final balance position of the 

driving module is a pre-stressed one by the back stop (the spring is 
compressed matching the guiding beams are bent). In Fig. 10b, the 
final balance position of the clutch module is a free one (the spring is 
free matching the free-stress guiding beams). 

It is a question of limiting the bounces against the stops in the 
case of Fig. 10a and the free oscillations around the balance position 
in the case of Fig. 10b, whatever the nature of the module involved. 
For example, the clutch module may also be pre-deformed by the 
moving element after assembly in an actual application. Optimally to 
cancel the bounces against the stops or the free oscillations, the 
voltage fall must be such that the speed of the module must be zero 
at the corresponding balance position. This balance position is the 
back stop location for Fig. 10a, i.e. Δbal = Δback and the natural balance 
position of the guiding beams for Fig. 10b, i.e. Δbal = 0. 

Until the stop is reached, the mechanical behavior is linear and 
the fundamental relation of dynamics applied to the mass-spring- 
damper model gives: 

+ + = =z z z
F
m m

V t2 · ( )n n
elec2 2

(1) 

with z the X- or Y- displacement, β the electrostatic force coefficient 
(not dependent on the displacement) and α the damping coefficient 

and ωn the natural pulsation =( )n
k
m

. 

According to the above, the voltage is supposed to linearly de-
crease between Vend to Vbegin. However, inertial effects may affect 
Vbegin and in order to deduce intrinsic information on the fall time, 
the following form is considered for the evolution of the voltage: 

=V t V t( ) ·end (2) 

with λ the slope of the voltage fall and =Vend
k front . 

Fig. 9. Resulting motion from a typical electrical signal delivered by an integrated charge pump: a) Displacement of the driving module, b) Displacement of the clutch module.  

Fig. 10. Schematic representation at the end of the “elastic restored” motion (a) Final position of the driving module against the back stop at Δback = 10 µm (b) Final position of the 
clutch module at the balance position at Δbal = 0. 
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The solution of the second order differential Eq. (1), based on the 
initial conditions = =z t( 0) front0 and = =z t( 0) 00 , can be written 
in the following form: 

= + + + +z t e a t b t a a t a t( ) ( cos sin )t
0 1 2

2n (3) 

with the coefficients a0, a1, a2 depending in particular on the slope λ 
describing the particular solution of the second order differential 
equation and a, b depending on the initial conditions. τth is assumed 
to be the time so that the corresponding position z ( )th is equal to the 
balance position (pre-stressed Δback or free 0) and the speed z ( )th is 
zero. Since the beginning time t0 is zero, τth is also the expected 
duration of the optimal voltage fall. 

Thus, the problem consists in solving the following nonlinear 
two-equation system with two unknowns which are the fall time τth 

and the slope λ of the voltage fall: 

= + + + + =

=

= + +
+ + =

z e a b a a a

or

z e a b b a
a a

( ) ( cos sin )

0
( ) [( )cos ( )sin ]

2 0

th th th th th bal

back

th n th n th

th

0 1 2
2

1 2

n th

n th

(4)  

The damping coefficient can be estimated at approximately 4% by 
the well-known logarithmic decrement method from the free 

oscillations of the clutch module in Fig. 5. However, this coefficient 
can fluctuate depending on external conditions (such as ambient 
pressure), so the numerical solution of this nonlinear system is 
performed according to a realistic range of damping coefficients α 
from 0% to 10%. The nominal parameters of the driving and clutch 
modules in terms of mass, stiffness, front stop and balance positions 
are reported in Table 1. Fig. 11 give the evolution of the displacement 
and the speed in the case of both driving and clutch modules for the 
nominal parameters. This illustrates in the case of the optimal vol-
tage fall time the damping of the displacement with a speed that 
decreases sharply at the beginning, reaches a minimum, then in-
creases and becomes zero at the location of the pre-stressed or free 
balance position as expected. Given the balance position and the 
zero speed conditions, the system theoretically remains in equili-
brium thereafter. 

Figs. 12a and 13a show the evolutions of the voltage fall time τth 

for the nominal parameters of the driving and clutch modules. Two 
additional stiffness values (half and double the nominal) and the 
balance position of the other module are also simulated to give the 
trends of their respective influences. These left Figs. 12a and 13a 
indicate that the damping coefficients and the balance positions (at 
least in the range studied) have rather little impact on the fall time. 
Conversely, the higher the stiffness, the shorter the fall time re-
quired. On the other hand, the plot of the evolution of the fall time 
normalized by the corresponding natural period, i.e. τth / T 

=( )T 2 m
k

, show on the right Figs. 12b and 13b a non-dependence 

Fig. 11. Evolution of the displacement and the speed in the case of the driving module (a) and the clutch module (b) for the optimal voltage fall time.  

Fig. 12. Evolution of the fall time τth as a function of the damping coefficient a) and corresponding evolution of the normalized fall time τth/T b) based on nominal parameters of 
the driving module. 
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with respect to the considered stiffness. All the related colored lines 
overlap perfectly. Thus, the normalized fall time for all the studied 
configurations is in the 81–97% range. 

4. Experimental validation of command shaping and hardware 
solution 

4.1. Experimental investigations on the voltage fall time: optimum and 
robustness 

The theoretical estimation presented above according to a simple 
analytical approach concludes to a voltage fall time of the order of 
81–97% of the natural period of the considered module. As the 
natural periods of the two modules are very close around 0.48 ms, 
many experimental tests are conducted in a range around 
0.30–0.62 ms. Fig. 14 shows the main results obtained with a special 
focus around 0.4 ms (0.37–0.41 ms) and 0.5 ms (0.51–0.55 ms) re-
spectively for the driving and clutch modules. 

The amplitude rate AR and the settling time ST5% previously 
defined are reported in Table 2 for the investigated ranges. Table 2 
shows optimum values in terms of decrease factor of AR and ST5% 

compared to the unshaped command performances:  

• τexp = 0.39 ms for the driving module with a decrease factor of 
22.6AR and 2.6ST5%,  

• τexp = 0.53 ms for the clutch module with a decrease factor of 
14.0AR and 9.1ST5%. 

Moreover, the ranges of values investigated underline a certain 
robustness of the command shaping. Considering a deviation of + /- 
0.02 ms from the optimum values (i.e. a relative deviation +/- 5%),  
Table 2 shows a minimum decrease factor of AR and ST5% as follows:  

• τexp = 0.37–0.41 ms for the driving module, a minimum decrease 
factor of 14.2AR and 2.1ST5%,  

• τexp = 0.51–0.55 ms for the clutch module, a minimum decrease 
factor of 6.1AR and 1.9ST5%. 

Fig. 13. Evolution of the fall time τth as a function of the damping coefficient a) and corresponding evolution of the normalized fall time τth/T b) based on nominal parameters of 
the clutch module. 

Fig. 14. Influence of the voltage fall time in the “elastic restored” motion in the case of a) the driving module and b) the clutch module.  

Table 2 
Amplitude rates AR and settling times ST5% from experimental implementation of command shaping.          

Module Fall time (ms) AR ST5% Module Fall time (ms) AR ST5%  

Driving module 0.30 8.99% 0.54 ms Clutch module 0.42 21.3% ≈ 4 ms  
0.37 3.73% 0.34 ms  0.51 9.7% 2.16 ms  
0.38 3.23% 0.38 ms  0.52 6.1% 0.78 ms  
0.39 2.34% 0.39 ms  0.53 4.2% 0.44 ms  
0.40 2.69% 0.42 ms  0.54 5.1% 0.75 ms  
0.41 2.88% 0.48 ms  0.55 7% 1.32 ms  
0.50 – 0.58 ms  0.62 23.9% ≈ 4 ms 
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Thus, the dynamic behavior of the driving module is not very 
sensitive to the voltage fall time since a deviation of + /- 0.1 ms, i.e. a 
relative deviation higher than 20% maintains a good efficiency (de-
crease factor of 5.9AR and 1.9ST5%). The pre-stressed balance position 
against the back stop appears to be a mechanical condition that 
significantly favors the robustness of the command shaping. 

On the contrary, the clutch module, that satisfies a free balance 
position, is much more sensitive to the voltage fall time. Indeed, the 
same deviation of + /- 0.1 ms provides a decrease factor of about 
2.5AR and the settling time ST5% is not decreased compared to the 
unshaped command. In reality, a damping effect remains since the 
amplitude ratio AR decreases but the 5% threshold considered for 
ST5% is not affected. 

To conclude, the experimental results highlight optimal values 
allowing to reduce significantly the residual vibrations but also the 
robustness of the command shaping on relative value ranges of 5% 
on either side of the optimal value. Furthermore, the experimental 
value ranges are very close to the numerical estimations justifying 
the simple theoretical approach to limit the value range of experi-
mental investigations on optimum. 

4.2. Dispersion on a set of 8 MEMS 

A set of 8 identical MEMS is picked up from the same wafer 
(including 900 chips in total) at different locations for evaluating the 
results dispersion for a given voltage fall time. Fig. 15 shows the 
obtained results for the clutch and driving modules in the case of the 
optimal voltage fall time of 0.53 ms and 0.39 ms. The chip number 2 
corresponds to the previously studied MEMS in §4.1. 

The same dynamics can be observed in the mechanical response 
of the two modules for the 8 chip tested. In the case of the clutch 
module, the amplitude rates AR and the settling times ST5% obtained 
are respectively between 3.5% and 4.9% and between 0.42 ms and 
0.44 ms. A similar variation for both AR and ST5% is noted for the 
driving module, i.e. minimum decrease factors around 15AR and 
2ST5%. In the previous paragraph, the geometry is fixed and the 

voltage fall time τ varies, here τ is fixed and the geometry potentially 
varies, and as a consequence the key voltages. The experimental 
characterization of the key voltages Vend and Vbegin for the set of 8 
chips gives an average deviation of about + /- 2 V from the nominal 
values of the chip n° 2 reported in Figs. 6 and 7. This means that the 
proposed shaped command remains efficient in a relative range of 
about + /- 2% and + /- 5% respectively around the nominal values of 
Vend and Vbegin. 

Thus, the experimental results prove the efficiency and a form of 
robustness of the proposed shaped command. It is understood, in 
this study, the robustness of the command is partly related to the 
actuator architecture and microfabrication process. However, the 
comb actuator architecture and standard deep-etching process can 
be generic to many applications. Subsequently it allows to consider a 
hardware solution for practical applications. Thereafter, the hard-
ware solution that generates the proposed control signals is called 
damping circuit. 

4.3. Hardware architecture of the damping circuit 

The originality of the hardware solution lies in the construction 
of the voltage fall signal which consists in an adapted and very 
weakly power-consuming management of the capacitive actuator 
discharge to damped the “elastic restored” motion. In practice, the 
two-module actuator is driven by an Application-Specific Integrated 
Circuit (ASIC). The ASIC includes charge pumps able to generate 
110 V output voltage from a 3 V lithium battery. The main blocks of 
the ASIC are presented in Fig. 16 and consist of:  

• Low voltage digital core to manage the charge pumps and high 
voltage switches.  

• Charge pumps including a voltage regulator to generate high 
voltage signals.  

• High voltage (HV) switches to connect the MEMS either to the 
damping circuit or to the charge pump outputs.  

• VDD Bootstrap Circuit to drive the damping circuit. 

Fig. 15. Dynamic behavior of a set of 8 MEMS chips in the “elastic restored” motion in the case of a) the driving module and b) the clutch module.  

Fig. 16. Block diagram of the MEMS control circuit.  
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• A damping circuit makes it possible to generate voltage drops in 
the form of the proposed control signals (see Fig. 8). 

In the following, it is focused on the functionality of the damping 
circuit for an elementary module of the comb-drive actuator, taking 
the case of the driving module. The damping block contains a Zener 
diode, a resistor and an N-channel MOSFET transistor, as shown on 
the left in Fig. 16. 

Considering that the HV switches block connects the driving 
module to the damping circuit. Initially the actuator is charged at 
110 V, subsequently the damping module operates as follows:  

• In a first phase, the VDD Boostrap gate driver blocks the N- 
channel MOSFET transistor with the control signal HVgnd. The 
electric charges accumulated in the comb-drive are rapidly dis-
charged by the Zener diode up to its threshold voltage, which in 
this case is identified at the Vend voltage (i.e. 97 V). Below the 
threshold voltage, the resistor takes over to continue the dis-
charge by dissipating the mechanical energy. The evacuation of 
electric charges slows down considerably and the voltage gra-
dually decreases.  

• In a second phase, the VDD Boostrap gate driver activates a VDD 
control signal to the N-channel MOSFET transistor. This latter will 
pass and electric charges are rapidly evacuated through the 
HVgnd. The switching of the VDD Boostrap control voltage takes 
place after a delay of 0.39 ms (corresponding to the optimalτ) 
from the beginning of the discharge cycle. Therefore, the value of 
the discharge resistance should be chosen so that Vbegin voltage 
(i.e. 45 V) is reached at this point. The final constructed signal is 
presented on the right in Fig. 17.  

• The proposed shaped signal is easy to implement and does not 
require specific control circuits. The presented simple hardware 
architecture is able to generate the appropriate command 
shaping for the two-module comb-drive actuator using very few 
components and low electrical energy consumption, what makes 
the system well suited to industrial applications with energy and 
surface constraints. In fact, the damping circuit is not connected 
to the charge pump, which is the power source of the system. The 
damping circuit will be only activated during a very limited 
period of the damping phase and will be directly supplied by the 
electrical charges accumulated in the comb-drive. The additional 
current, that can be consumed by the system, is the leakage 
current required to drive the MOSFET transistor. 

5. Conclusion 

In this work, a voltage-controlled technique to strongly reduce 
residual vibrations in electrostatic comb-drive based actuators is 
presented. Residual vibrations are at the origin of an actuation fre-
quency limitation and especially a premature wear of the elements 
coming in contact during the driving and clutching phases. The ap-
proach consists in applying a command shaping only in the effective 

displacement range and for a given duration. The method starts with 
an electromechanical characterization phase in order to well define 
the dynamic behavior of the two modules and more particularly the 
effective displacement range described by two key voltage values 
Vbegin and Vend. A simple theoretical approach based on a mass- 
spring-damping model shows that there is an optimal range for 
voltage fall time about 80–100% of the natural frequency of the 
corresponding modules. 

It is shown from several experimental tests that the command 
shaping is efficient in a range of + /- 5% around the optimal voltage 
fall time; i.e. a minimum decrease factor of 14.2AR and 2.1ST5% for the 
driving module and a minimum decrease factor of 6.1AR and 1.9ST5% 

for the clutch module. Thus, the command seems to be quite robust 
with respect to the voltage fall time, in particular to reduce the 
amplitude rate of bounces against back stop which is a key point to 
improve actuator lifetime. 

Moreover, the method remains very effective on a set of 8 MEMS 
chips picked up from a same wafer providing response elements for 
the sensitivity of the shaped command to deviations of the key 
voltages Vbegin and Vend. In this study, the robustness of the com-
mand is experimentally discussed and is partly related to the ac-
tuator architecture and the microfabrication process. Indeed, 
microfabrication uncertainties influence geometrical parameters 
with possibly opposite consequences: for example, over-etching 
increases electrostatic gaps; i.e. increases the key voltages and de-
creases the width of guiding beams; i.e., decreases the key voltages. 

The originality of this work is that the command solution is in-
vestigated according to real applications and especially to nomadic 
applications involving high voltage (about 100 V) electrostatic ac-
tuators. First, the damping of the “electrostatic actuated” motion is 
intrinsically solved by the charge pump required for the voltage 
amplification. Then, the damping of the “elastic restored” motion is 
achieved by the management of capacitive actuator discharge. This 
makes it well suited for real MEMS applications with constraints of 
mechanical performances (about tens of volts), power consumption, 
footprint and cost. Moreover, these points are strongly tied since the 
operating voltage determines the control circuit and the power 
source, which influences the power consumption, the footprint of 
the circuit and obviously the cost that highly depends on the 
footprint in a batch fabrication process. 

Currently, experimental life testing over millions of operating cycles 
is underway to validate the resulting reduction in wear and increase in 
life of comb-drive electrostatic actuators. Due to their micrometer 
steps, a large number of cycles are expected for MEMS applications 
aiming at perceptible effects at the human scale. For example, the 
motorizing of gears makes it possible to consider nomadic applications 
derived from watchmaking; such as counters and displays of en-
vironmental or physiological parameters. Due to the possible limita-
tions of mechanical performances available on MEMS, optical 
applications could be preferred as beam shutter or deviation, control of 
micro-mirror arrays. However, more specific applications that do not 
concern the human scale can be put forward such as laboratory 

Fig. 17. Damping circuit design and its output signal.  
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instrumentation. For example, micropositioning under a microscope 
may require fast and stabilized actuations. This is not a nomadic ap-
plication but the electrical supply by external wires can be problematic 
if no integrated solution is proposed as it is the case in this work. 
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