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1. Introduction 

 
Significant advances in smart material actuators 

have taken place in the past years. The holy grail of actua-
tor research is an architecture that can generate high dis-
placement and force throughout a broad frequency range 
while not consuming a significant amount of electrical 
power. 

Many micro/nanorobotic application require 
multi degree of freedom positioning at micro and nano-
scales. Actuation technologies capable of providing motion 
at this scale includes piezoactuators [1], microstepping 
motors, highly geared electromagnetic servomotors and 
Lorentz force-type actuators such as voice coil motors [2]. 
The nanotechnology applications require more complex 
specifications, including the wide dynamic range of 
nanopositioning systems. It means the new, innovative 
solutions have to be found for the actuation methods, mate-
rials, and design. The silicon as mechanical material and 
laser micromachining opens a new possibilities in actuator 
design. 

Microfabrication with lasers today is in such a 
situation when struggle takes place in two fronts: machin-
ing quality and efficiency. Quasi-cw and Q-switched lasers 
act as a pure thermal heat source. Those, nanosecond, la-
sers are time effective tools, but they require additional 
steps to remove recast. One of the promising ways for the 
progress in laser machining is the use of shorter pulses. 
They enable to decrease the remaining thermal impact and 
ablation threshold [3, 4]. On the other hand, ultra-short 
pulses come at the expense of added complexity. More-
over, a femtosecond beam on its way from a laser source to 
a workplace experiences spatial distortion in the air by cold 
plasma [5]. It was found that femtosecond pulses alone are 
not sufficient to produce recast-free structures in metals. 
Melt-free material processing is only possible in a re-
stricted parameter window [6]. Normally, certain optimal 
pulse duration exists for machining, at least in materials 
that can directly absorb the laser beam - metals and semi-
conductors. Both are in picosecond timescale: for steel it is 
about 10 ps [4] and for silicon it is below 5 ps [4]. 

Interest in picosecond lasers has increased re-
cently. They have the potential to improve machining qual-
ity as compared to that achievable with longer pulses [6]. 
As femtosecond systems are complicated and the advan-
tages of processing with ultra-short pulses are evident only 
at low laser fluences, picosecond lasers present a cost-
effective alternative for machining of micro objects. Real 
industrial applications of ps-pulses require reliable laser 
sources and well established technologies. In this work we 
present the theoretical modeling and experimental results 

of our research on microfabrication of silicon actuator by 
picosecond laser. 
 
2. Electrostatic model of actuator 
 

To model the working of electrostatic actuator is 
to consider a rigid plate attached by a spring placed in an 
electrostatic field (Fig. 1). 

For the simulation of the system represented in 
Fig. 1, the calculation is based on the mechanical law gov-
erning the electrostatic actuator which can be expressed as 
follows 
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where W is the deflection; m is the mass; λ is the damping 
factor; K is the spring value. K depends on the geometry of 
the microstructure. The excitation is represented with the 
electrostatic pressure through a gap applied on the plate 
surface S, with the voltage U and the permittivity e. The 
mass can be expressed with the geometrical characteristics 
of the plate m = ρhA, here ρ is material density; h is plate 
thickness; A is area of plate surface. 
 

 
Fig. 1 Simple model of an electrostatic actuator 

 
The material properties of the membrane actuator 

are listed in Table 1. 
 

Table 1 
Material characteristics of membrane actuator 

 

Materials E, 
GPa 

ν ρ, 
103 kg/m3

h, 
μm 

Al 
 

70.3 0.345 2.69 0.3 

Si 
(substrate) 

120 0.42 2.33 300 

 

Note: E is Young module; ν is Poison coefficient; ρ is ma-
terial density; h is plate thickness. 
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Using the finite element method, the construction 
investigation is performed, where the structure is meshed 
by simple geometry finite elements and the type of them 
depends on the task solved. The ANSYS software package 
was selected for the analysis of membrane actuator. Shell 
43 type finite elements were chosen to model this type of 
structures. These elements are usually used to model plane 
structures of various thickness and elastic material con-
structions (Figs. 2 and 3). Shell43 is a 4-nodes plastic large 
strain element [7]. 
 

 
   a                      b 

Fig. 2 Actuator displacement in static mode: a - Archime-
des curve spring, displacement out of plane - 49 µm; 
b - conical spring, displacement out of plane - 
16 µm. Gap between plate -140 µm, control voltage 
-200V 

 

 
a 

 
b 

 

Fig. 3 Actuator displacement in dynamic mode: a- for Ar-
chimedes curve spring the frequency f=132 Hz;  
b- conical spring the frequency f= 253 Hz 

 
Figs. 4 - 7 show the results of a driving micro ac-

tuator at 0-200 V applied voltage. 
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Fig. 4 Four turns Archimedes curve spring: 1- a gap be-
tween the plates -130 µm; 2-a gap between the 
plates - 140 µm; 3 - a gap between the plates -
150 µm; 4- a gap between the plates- 160 µm 
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Fig. 5 Four turns conical spring: 1 - a gap between the 
plates - 130 µm; 2 - a gap between the plates - 
140 µm; 3 - a gap between the plates - 150 µm; 4 - a 
gap between the plates - 160 µm 
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Fig. 6 Five turns Archimedes spring: 1 - a gap between the 
plates - 130 µm; 2 - a gap between the plates - 
140 µm; 3 - a gap between the plates - 150 µm; 4 - a 
gap between the plates - 160 µm 
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Fig. 7 Five turns conical spring: 1 - a gap between the 
plates - 130 µm; 2 - a gap between the plates - 
140 µm; 3 - a gap between the plates - 150 µm; 4 - a 
gap between the plates - 160 µm 

 
3. Experimental set-up 

 
Laser machining experiments were performed on 

the workstation that included picosecond laser, beam de-
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livery system and galvanoscanner. The laser with a regen-
erative amplifier (PL2241, EKSPLA Ltd.) generated pulses 
of 60 ps duration at 1064 nm wavelength and 250 Hz repe-
tition rate (Figs. 8 and 9). Attenuator made of a half-wave 
plate and polarizer was used to change laser pulse energy. 
Scanner ScanGine14 (Scanlab) with the f-theta lens of the 
160 mm focal length was used for the laser beam stearing. 
The spot diameter was 35-30 μm. 

 

 
Fig. 8 Scheme of experimental set-up 

 
Experiments were performed on silicon wafers 

with thicknesses 300 µm. The pulse energy, overlap and 
number of scans were varied during cutting experiments.  
 

 
 

Fig. 9 Experimental setup for AFM investigations 
 
4. Micromachining 
 

The design goals are as follows: Stroke, Output 
force, Driving voltage. The stroke in the out-of-plane di-
rection needs to be 40 µm. The driving voltage needs to be 
less than 250 V. Design of actuator geometries using laser 
micro- machining are shown in Fig. 10. 

The range for “gentle” machining of silicon with 
ps-laser was estimated in previous experiments [8]. The 
increase in the ablation rate at fluences >100 J/cm2 was 
accompanied by crack formation around the upper rim of 
the hole. All the experiments in this work were performed 
with ps-laser fluence well below this value. Recast material 
was spread within the distance of 42 µm with burr height 
of 0.3 µm (Fig. 11). It can be easily removed by soak into 
an ultrasound bath for 10 min. According to the investiga-
tions made in silicon at high laser fluences, a recast layer 
on walls does not disappear even for 200 fs pulses [5]. 
Heat from the recast material stimulates the formation of a 
heat-affected zone (HAZ) irrespective of applied pulse 
duration.  

The number of laser pulses required for through-
out drilling depends on laser fluence and wafer thickness. 
Fig. 12 represents the results obtained in wafers of various 
thicknesses. At least 100 pulses need to be applied at high 
fluence, when for lower pulse energy the number increases  

  
       a                     b 
 

        
  

 
                   d 
Fig. 10 Design comparison of actuator geometries using 

laser micro - machining: a - plane flexures; b - pla-
ne flexures 50 μm deepening; c - Archimedes 
curve spring; d - conical spring 

 

       c  

 
Fig. 11 Profile of a single-shot crater in silicon (12 J/cm2, 

266 nm) 
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Fig. 12 Percussion drilling rate in silicon Lines - fitting 

N~FY (y= 1.5, 1.7, 2.1 for wafer thickness of 260, 
380 and 550 μm) 

 
rapidly. The solid line shows the N ~ F-1.5 relationship 
between laser fluence and the number of pulses, which 
quite well describes the results below 30 J/cm2 in the 
260 μm-thick wafer. For wafers of 380 µm and 550 µm 
thick, the power increases to 1.7 and 2.1 correspondingly
This more rapid increase in the number of pulses for 

. 
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through-out drilling in thicker samples reflects the shield-
ion of plasma inside a hole [4]. The limit for 
out drilling exists 

2

ing act
through at low fluence side. For 260 µm 

afer it is below 6 J/cm . w
Scribing and cutting of silicon wafer were per-

formed using different pulse overlap and various numbers 
of consecutive scans. Laser fluence was chosen from the 
region of “gentle” ablation, below 50 J/cm2. Attained cut-
ting speed was very low because of the low repetition rate 
of the laser. The kerf width was 35-40 µm wide, which 
was bigger than the spot size (25 µm) (Fig. 13). The rim of 
the kerf on the entry side was always sharp, smooth and 
crack-free.  
 

         
Fig. 13 Comparison of cuts made in silicon by 60 ps @ 

266 nm (left) and 15 ns @ 355 nm (right) laser 
pulses 

5. Results 
 

Actuators displacement was investigated by 
atomic force microscope (AFM) Quesant QScope-250 in 
contact mode with cantilever force constant 0.1 N/m. The 
displacement was measured ng direct current voltage

scan. T
isplace as measured directly from the AFM image 

n. 

 surface displacement AFM image in 
atic mode at different control voltage 

 

 

applyi  
to the actuator and imaging the actuator surface during the 

he surface 3D image is presented in Fig. 14. The 
ment wd

cross-sectio
 

 

Fig. 14 Actuators
st

0 50 100 150 200

0.0

1.0x10-5

2.0x10-5

3.0x10-5

4.0x10-5

4

2

1

m
en

t, 
m

Control voltage, V
 

Fig. 15 Static experimental results. Displacement from the 
natural position: 1 - Archimedes curve spring;  
2 - conical spring; 3 - plane flexures 50 μm deep-
ening; 4 - plane flexures 

The driving characteristics of the Archimedes 
curve spring, conical spring, plane flexures 50 μm deepen-
ing and flexures were also examined. Fig. 15. shows the 
characteristics of the tip height versus the applied voltage. 
Driving voltage was used 0-200 V. The gap between the 
plates is 140 µm. 

The experimental investigation demonstrated 
good agreement between computer simulation results 
(Figs. 4 - 7) and experiment results (Fig. 15).  

It was demonstrated that silicon micro machined 
electrostatic driven actuators can be used in different 
nanomanipulating systems. 

Further research includes the realization of actua-

6. Conc
 

 

AFM system, the static characteris-
 actuator were evaluated. 
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lusions  

1. The work of membrane actuator in the static 
and dynamic mode was modeled applying the Finite ele-
ments method. 

2. The experiment investigation have been made 
on silicon membranes fabricated by laser micro- machin-
ing. Investigation of pico and femtosecond laser cutting 
technique, demonstrate that femtosecond laser cutting pro-
duce less distorted cutting line and less damaged material. 

3. Static and dynamic characteristics were inves-
tigated. It was demonstrated that the developed actuator 
produces the 40 micron displacement under the 200 V 
control voltage. The determined first mode resonance fre-
quency was 132 Hz – for Archimedes curve spring,
252 Hz- for conical spring, 365 Hz- plane flexures 50 μm 
deepening and 400 Hz- for plane flexures. 

4. Applying 
tics of membrane

5. The positive investigation results of membrane 
actuator allow optimizing the membrane construction and 
designing the scanning microscopy nanopositioning de-
vices.  
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Straipsnyje nagrinėjama
membranas mikroobjektams nanopozicionuoti.  

Baigtinių elementų meto
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The article deals with the possibility to apply Si 
membranes for nanopositioning of microobjects. 

 

resonant modes and their dependence on different geome
try Si plates are identified. The prototype of me
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The results of the investigation could be applied 
in developing a new type of nanopositioning sy
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В статье рассматривается воз
п
рования микрообъектов с нанометрической

Методом конечных элементов определены ос-
новные резонансные моды мембраны и 
от различной геометрии пластин
л
мембранног
м

еские характеристики созданных мембранных 
структур. 

Результаты исследования могут быть исполь-
при создании нанопозиционирующих уст-

ройств нового типа для сканирующей микроскопии. 
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