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1  Introduction

Technological route from the design till mass production 
of 3D microstructures is being developed. This route starts 
with the design of master mold, by using method of com-
puter generated holography (CGH). After this designed 
master microstructure fabrication by using e-beam lithog-
raphy takes place, and finally microstructure replication 
(mass production) is launched. Precise diffractive optical 
elements (DOE), varying from simple diffractive gratings 
till complex 3D reliefs are highly demanded in various 
application fields, like optics; electronics; laser industry 
and biomedicine (Heckele and Schomburg 2004). Diffrac-
tion efficiency as a quality criteria here plays critical role, 
since the more precisely replicated microstructure, the 
higher diffraction efficiency is obtained, i.e. this param-
eter is very sensitive to microstructure geometry and in the 
same time allows neglect the material properties. Higher 
values of +1 and −1 maxima of the grating are demanded 
characteristic in various applications (Popov 2012). Pre-
cise microstructures can be produced by employing differ-
ent fabrication techniques: microinjection molding; ultra-
sonic embossing and hot imprint (Krauss and Chou 1997). 
Because of its advantages over other microstructure repli-
cation methods, hot imprint is chosen for microstructure 
production. These advantages include: relatively simple 
equipment; cheap production and high resolution of final 
product (Lee et al. 2001).

However some drawbacks, like: material shrinkage, which 
emerges due to adhesion between master and slave; low fill-
ing ratio; non uniform mold imprint; high surface roughness 
and long process time still remain (Mekaru et al. 2007; Hirai 
et al. 2003; Narijauskaitė et al. 2011; Liu et al. 2010).

Suitable hot imprint process parameters (temperature, 
pressure and imprinting duration) selection is one of the 

Abstract  The focus of the paper is dynamic investigation 
and practical application of two different vibroactive pads: con-
centrator type vibroactive pad and vibroactive pad with spring, 
whose purpose is improve the quality of microstructure, cre-
ated by the method of hot imprint. The goal is to find out oper-
ating frequencies of vibroactive pads, where the entire operat-
ing surface vibrates with equal displacements, since only then 
even impact of vibration excitation for microstructure could 
be obtained. Three types of investigation are employed during 
the vibroactive pads analysis: numerical simulation by using 
Comsol Multiphysics 3.5a. software static analysis and piezo 
solid frequency response modes, in order to find out whether 
the constructions are capable to vibrate at desired mode; after 
numerical simulation experimental analysis with holographic 
interferometry system PRISM is performed, in order to experi-
mentally spot at this vibration mode; and finally vibrometer 
Polytec is being used to find out the amplitudes of vibra-
tion and in the same time to make sure, that vibroactive pads 
develop the same mode under hot imprint experimental condi-
tions, i.e. when particular mechanical load is applied. Finally 
experiments of mechanical hot imprint are performed in order 
to see how newly created vibroactive pads are suitable for the 
process. The novelty of the paper is that the devices are being 
numerically and experimentally analysed, when they are under 
the action of mechanical load, this provides more accuracy to 
analysis and its results, allows avoid presumptions, based only 
on numerical simulation with applied mechanical load.

 *	 Rokas Šakalys 
	 rokas.sakalys@ktu.lt

1	 Department of Mechanical Engineering, Kaunas University 
of Technology, Studentų 56‑338, 51424 Kaunas, Lithuania

2	 Institute of Mechatronics, Kaunas University of Technology, 
Studentų 56‑106, 51424 Kaunas, Lithuania

http://crossmark.crossref.org/dialog/?doi=10.1007/s00542-016-2858-7&domain=pdf


1832	 Microsyst Technol (2016) 22:1831–1843

1 3

ways to improve final quality of fabricated microstructures 
(Li et al. 2008; Yao et al. 2005; Lin et al. 2003). However 
careful selection of parameter is not sufficient to overcome 
these problems, thus ultrasonic excitation during the pro-
cess of mechanical hot imprint is proposed as a measure, 
it has twofold impact in the processes of microstructure 
replication:

•	 Ultrasonic hot embossing is the process, during 
which the ultrasonic generator, so called horn is being 
impressed into thermoplastic, thus ultrasonic energy is 
transferred to processed material. In this way intermo-
lecular friction within the processed material is being 
created, and thermoplastic starts to melt. Master micro-
structure is replicated without the usage of additional 
heating (Liu and Dung 2005; Sackmann et al. 2015).

•	 Another way is to force already preheated polymer flow 
towards the master mold under the action of ultrasonic 
vibrations. This causes better filling of empty cavi-
ties between master microstructure and polymer. This 
method will be analyzed in this paper.

As well it helps during demolding step, by diminish-
ing adhesion between master mold and slave, thus allow-
ing avoid cracks and distortions. Majority of the authors 
apply excitation from the upper side to polymer by using 
sonotrode. During this research ultrasonic excitation from 
the bottom side of the polymer, by using vibroactive pad is 
applied. Earlier experimentally was revealed, that applica-
tion of high frequency excitation in this way during the pro-
cess of mechanical hot imprint helps to improve the quality 
of microstructure (Narijauskaitė et al. 2013a; Šakalys et al. 
2015). Now the task is to maximize this positive effect, by 
exploiting more advanced measures.

In the paper dynamic analysis, which includes simula-
tion and experimental investigation of two different vibro-
active pads: concentrator type vibroactive pad and vibroac-
tive pad with spring, is performed. The goal of this paper 
is to create vibroactive pads, which would be able develop 
equal displacements at every point of its operating (top) 
surface, since only this ensures uniform flow of preheated 
polymer towards master mold, unlike the first or second 
vibration mode of membrane (Fig.  1). Especially places, 
where precise microstructure is imprinted on the master 
mold (central master mold part of 10 ×  10 mm area) are 
very important.

Numerical analysis before the production of vibroactive 
pad is very important, when considering several aspects:

•	 It is useful from economic side, since the production of 
vibroactive pad is quite expensive, because of piezoelec-
tric materials and precise metal processing operations. 

Thus it would be quite risky to create the vibroactive 
pad without knowing, whether it is capable to develop 
desired vibration mode at all. Modelling here helps, by 
choosing right design, materials and measurements for 
the construction.

•	 Investigating operating frequencies experimentally, 
without knowing approximate values is time consum-
ing. Here modelling is helpful tool, allowing reduce 
time expenses, required for investigation.

Dynamic characteristics change, when vibroactive 
pad is under the action of mechanical load. Thus it is 
very important to find out exact operating frequencies, 
under which vibroactive pads develop even displace-
ments over the whole operating surface, when pressure 
is applied on them. Scientific novelty of the paper is that 
vibroactive pads are investigated numerically with Com-
sol Multiphysics 3.5a. software and experimentally with 
Doppler vibrometer Polytec, when they are under the 
action of mechanical load, since experimental setup for 
investigation of mechanically loaded vibroactive pads is 
established. Earlier it was analysed without mechanical 
load experimentally and numerically, and only numerical 
analysis of mechanically loaded vibroactive pad was per-
formed (Narijauskaitė et  al. 2013b). This work analyses 
the motion of upper surface of vibroactive pad, which is 
in contact with polymer, when vibroactive pad is in pro-
cess of mechanical hot imprint. Furthermore the inves-
tigation is performed under five different magnitudes 
of mechanical load, thus making vibroactive pads fully 
prepared for mechanical hot imprint experiments. The 
investigation, performed in this paper is more precise and 
allows avoid predictions and inaccuracies, based only 
on simulation results. Thus all potential of vibroactive 
pad during the process of mechanical hot imprint can be 
extracted.

First sections of the paper cover the explanation 
of mechanical hot imprint process with usage of high 

Fig. 1   Contact patterns between vibroactive pad (2) and polymer (1): 
a first vibration mode; b second vibration mode; c vibration mode, 
where operating surface contacts equally with polymer
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frequency excitation and design of vibroactive pads, after-
wards finite element model, applied in simulation and 
experimental equipment, which is necessary for dynamic 
investigation, are presented. Final parts of the paper include 
presentation and verification of results, experiments of 
mechanical hot imprint and investigation of experimental 
results.

2 � Process of mechanical hot imprint with usage 
of high frequency excitation

Process of mechanical hot imprint (Fig.  2) consists from 
three steps:

1.	 Heating The mold and polycarbonate are of 20  °C, 
what corresponds to ambient temperature. After the 
master mold touches the surface of polycarbonate, the 
heating starts till glass transition temperature (148 °C) 
is achieved. As the temperature enters into rubbery 
state, the polymer starts to experience elastic and plas-
tic deformations under the action of external mechani-
cal stress.

	 Heat transfer during the heating stage is described by 
the formula:

where: k is thermal conductivity; ρ is density; cp is 
heat capacity; T is temperature; q is rate of the heat 
generation.

2.	 Imprint The mold imprints polycarbonate (till reaches 
nominal pressure (from 101.325 till 506.625 kN/m2). 
The pressure is then applied for 10 s). With the motion 
of master into the slave, deformations of polycarbonate 
from elastic become plastic.

3.	 Demolding The mold in this step is being brought back 
and polycarbonate is cooled down till initial process 
temperature is reached (Jaszewski et al. 1998).

Experimental setup of mechanical hot imprint is pre-
sented in Fig. 3.

(1)ρ(T)cp(T)
∂T

∂t
+∇(−k∇T) = q

3 � Design of vibroactive pad

In this section design of vibroactive pads is presented. Both 
constructions were designed by using 3D CAD design soft-
ware SolidWorks.

First construction is concentrator, composed from two 
stainless steel parts: cover and bottom part, which were 
turned by turning lathe and two PZT-5 piezoceramic rings, 
which are placed between inactive stainless steel parts. All 
the construction is tightened with M5 bolt. Piezoceramic 
employs inverse piezoelectric effect, i.e. alternating volt-
age is converted to mechanical movement, to generate high 
frequency excitations. The piezoceramic rings are placed at 
the edges of the construction, this allows avoid traditional 
membrane modes and at particular frequency whole vibrat-
ing top surface is being obtained. The drawing of the con-
struction with all the dimensions is presented in Fig. 4.

The second construction is vibroactive pad with spring 
(Fig. 5).

This construction is made from two stainless steel parts 
in the bottom and top of the construction, composing the 
inactive frame of the construction and four piezoelectric 
PZT-4 rings, which are considered as active part of vibroac-
tive pad. All the construction is tightened with stainless steel 
spring, whose stiffness k =  4700  N/m, this allows obtain 

Fig. 2   Steps of process of Hot imprint with usage of ultrasonic excitation: a heating; b imprint; c demolding

Fig. 3   Experimental setup of mechanical hot imprint: hydraulic hold 
(1), gauge of pressure (2), horn for mold (3), controlled stage (4), 
thermometer (5), dynamometer (6), and control block of temperature, 
time, and pressure (7)
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bigger amplitudes, since the construction is tightened with 
lower stiffness than in case of concentrator. The top end 
of the spring is attached with the bolt to the stainless steel 
cover, the lower end of the spring is attached with stainless 
steel rod to the bottom part of the frame. This construction 
is applied for precise microstructures, with measurements of 
10 × 10 mm.

Two piezoceramic rings in construction of concentra-
tor and four rings in construction of vibroactive pad with 
spring, instead of one are used, in order to get multilayer 
like effect, i.e. higher amplitudes and bigger forces. This 
is beneficial, when creating precise microstructures by the 
method of hot imprint, since higher displacements and 
forces stimulate preheated polymer to flow more rapidly, 

this in turn forces to replicate the mold more precisely. 
Generator, which is composed from several layers of pie-
zoceramic is able to generate higher displacements (due to 
superposition of single layers) than single layer is capable 
to do (Figura 2013; Goldfarb and Celanovic 1997)

Total mechanical energy E of piezoceramic is equal to:

where ∆l is displacement; ∆F is force generation.
Metallic parts of the constructions are made from rigid 

material, are relatively thick. This provides more stiffness 
for construction and allows avoid indentations of replicated 
microstructure.

4 � Finite element model of vibroactive pads

This section represents the numerical modelling of concen-
trator and vibroactive pad with spring, which are used in 
hot imprint process as high frequency generators.

During the simulation geometries were selected as 
vibroactive pads were designed, materials were selected 
from Comsol Multiphysics 3.5a. material library.

Boundary conditions of the concentrator during the 
modelling are as following: thickness of piezo ceramic ring 
is 4 mm and total height of piezoceramic component in the 
construction hpiezoceramic is 10 mm. Total height of the con-
struction hconstruction is considered as 32.5  mm, and diam-
eter 20 mm. Bottom part of vibroactive pad is considered 
as fixed in all directions of global coordinate axis. Poten-
tial difference between upper and lower surfaces of PZT-5 
varies from 5 till 100 V. Stainless steel is considered as a 
material for concentrator passive part, piezoceramic disks 
are considered as made from piezo ceramic material PZT-5.

Boundary conditions of the vibroactive pad with spring 
are as following: Thickness of piezo ceramic ring is 6 mm 
and total height of piezoceramic component in the con-
struction hpiezoceramic is 20  mm. Total height of the con-
struction hconstruction is considered as 29 mm, and radius is 
11  mm. Bottom part of vibroactive pad is considered as 
fixed in all directions of global coordinate axis. Potential 
difference between upper and lower surfaces of PZT-4 var-
ies from 5 till 100 V. Stainless steel is considered as a mate-
rial for vibroactive pads passive part, piezoceramic disks 
are considered as made from piezo ceramic material PZT-4.

Since dynamic characteristics are changing, when the 
mechanical load of particular magnitude is applied to the 
construction, i.e. conditions of mechanical hot imprint, 
thus the model must be modified according to experimen-
tal conditions.

When vibroactive pad is loaded with mechani-
cal load, following elements are taken into account: a 

(2)E = ∆F ∆l

Fig. 4   The drawing of concentrator: 1 stainless steel cover; 2 stain-
less steel bottom part; 3 2 PZT-5 rings; 4 M5 × 25 bolt

Fig. 5   The drawing of vibroactive pad with spring: 1 stainless steel 
cover; 2 stainless steel bottom part; 3 4 PZT-4 rings; 4 spring; 5 rod 
for holding the spring



1835Microsyst Technol (2016) 22:1831–1843	

1 3

20  mm ×  20  mm and 2  mm thickness plate of polycar-
bonate hpolycarbonate and the pressure tool (on the surface of 
which microrelief of measurements of 10  mm ×  10  mm 
is impressed) of the same area and thickness hmaster mold of 
6 mm are imprinting the concentrator and vibroactive pad 
with spring. Material properties of polycarbonate and struc-
tural steel are presented in Table 1.

2D quarter drawings of both constructions with bound-
ary conditions are presented in Fig. 6.

The material and geometrical parameters of the vibroac-
tive pads were chosen, in order to satisfy the conditions of 
their application—the platform must withstand the pressure 
of 600 kN/m2 and at the same time it should transmit vibra-
tions to the polycarbonate specimen.

Both constructions are divided into quadratic tetrahedral 
finite elements, every element having ten nodes and four 
dependent variables (displacements in u, v and w directions 
and electric potential Q).

During the modelling of concentrator following assump-
tions were made:

•	 Since the bolt and upper as well as bottom parts of vibro-
active pad are made from stainless steel, thus during the 
modelling they were considered as a monolithic element.

•	 Instead of two PZT-5 rings, of 5 mm height, one PZT-5 
ring of 10 mm height was taken.

During the modelling of the vibroactive pad with spring 
following assumptions were taken into account:

•	 Instead of drawing spring, rod, made from stainless 
steel, whose stiffness corresponds to the stiffness of 
spring, was selected. The diameter of modelled rod is 
0.000026 m.

•	 Since the spring, top and bottom parts of vibroactive 
pad are made from stainless steel, thus during the mod-
elling they were considered as a monolithic element.

•	 Instead of four PZT-4 rings, of 5 mm height, one PZT-4 
ring of 20 mm height was taken.

•	 Metallic rod, which holds the spring was neglected

The material parameters for the piezoelectric material 
were selected as the stress-charge form for the constitutive 
equation.

Material parameters for both piezoelectric materials are 
characterized by following matrices: elasticity matrix- ce; 
coupling matrix- e; and relative permittivity matrix- εrs. 
During the modelling was considered, that polarization in 
piezoelectric elements is in y direction, this actually cor-
responds to real conditions.

The full analysis consists from two steps:

(1)	 Structural mechanics module → solid, stress strain → 
static analysis

(2)	 MEMS module → structural mechanics → piezo solid → 
frequency response analysis

Table 1   Materials properties of polycarbonate and structural steel

Material properties Polycarbonate Structural steel

Young modulus (Pa) 2·109 200·109

Poisson’s ratio 0.37 0.33

Density (Kg/m3) 1200 7850

Fig. 6   Computational schemes 
of concentrator and vibroactive 
pad with spring: concentra-
tor without applied load (a); 
concentrator with applied 
distributed load (b)
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5 � Experimental setup of research of vibroactive 
pad

For the experimental analysis of dynamical properties of 
vibroactive pad twofold investigation, by using two differ-
ent techniques was performed:

•	 Holographic interferometry system PRISM
•	 Laser Doppler vibrometer Polytec

5.1 � Holograpic interferometry system PRISM

Displacements, taking place in vibroactive pad are in order 
of micrometers, thus holographic intereferometry is the 
only one method to visualize dynamic processes of such 
magnitude, as well by now is the most efficient method for 
the analysis of dynamic processes (Palevičius et al. 2008). 
The results, obtained with PRISM system are dynamic 
views with vibration shapes at particular frequencies. 
White zones are considered as nodes, i.e. zones where the 
displacement is always equal to zero, whereas black zones 
are modes, the places, which are moving with particular 
displacement.

Hollographic interferometry system PRISM is employed 
to observe dynamic views of the construction without 
applied mechanical load, since the application of mechani-
cal load would cover the construction (fully or partially) 
thus observation of construction would be impossible.

5.2 � Laser Doppler vibrometer Polytec

A laser Doppler vibrometer (LDV) Polytec, which was 
used during the investigation, is able to perform non-con-
tact vibration measurement of the surface.

Vibroactive pad was scanned with and without applied 
mechanical load. In order to obtain dynamic results of 
vibroactive pad, when it is under the action of applied load, 
experimental setup presented in Fig.  7 was established. 
This system consists from vibroactive pad, strength gauge 
and clamp, in order to get the mechanical load, which 
would be equal to the load of the process of mechanical 
hot imprint. Mechanical load was measured with universal 
force gauge BGI, with attached compression/tension sensor 
of SSM series, and the clamp was adjusted for particular 
mechanical load.

Since there is no capability to scan the whole surface 
at once, thus several points of the surface of vibroactive 
pads were selected for dynamic observation (Figs.  8, 9). 
For scanning the concentrator without applied mechanical 
load three characteristic points were selected: centre of the 
construction, point, which is 1  cm from the centre of the 
construction and point, which is 2  cm from the centre of 
the construction. For investigation of mechanically loaded 

concentrator two points were chosen: 0.5 cm from the cen-
tre and 1 cm from the centre.

For scanning the vibroactive pad with spring without 
applied mechanical load three characteristic points were 
selected: Center of the construction, point, which is 0.5 cm 
from the center of the construction and point, which is 
1 cm from the center of the construction. For investigation 
of mechanically loaded concentrator two points were cho-
sen: 0.5 cm from the center and 1 cm from the center.

Parametric sweep mode on the frequency generator 
was selected. This mode scans defined frequency interval. 
Obtained results are represented graphically. After scan-
ning mentioned interval, peaks at particular points were 
obtained, thus in order to get more precise results, the inter-
val was then discretized into smaller intervals, where peaks 
were observed.

6 � Results of analysis of vibroactive pads

6.1 � Results of simulation

After investigation of both loaded vibroactive pads numeri-
cally, displacements of vibroactive pads upper surface in y 
direction were obtained, since this is main concern, because 
in this direction vibroactive pad interacts with the polycar-
bonate, and the flow of preheated polycarbonate towards 
the master as well as positive displacements are desired. 
The numerical analysis was performed with applied loads 
of 101.325; 202.650; 303.975; 405.300 and 506.625 kN/
m2, in order to find out operating frequencies at particu-
lar mechanical load, since under these values of pressure 
hot imprint process is being performed. The main concern 
of the modelling is to find frequencies, under which the 
difference in displacement between all points of operat-
ing surfaces would be the smallest, i.e. every point of the 

Fig. 7   Experimental setup: 1 strength gauge; 2 clamp; 3 vibroactive 
pad
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surface would vibrate with similar amplitudes. The main 
focus is being paid to the central vibroactive pads area of 
10 ×  10  mm size, since micro-relief is of the same size, 
and is located in the centre of master microstructure.

The results of numerical analysis of concentrator are 
presented in Fig. 10.

After the numerical analysis of concentrator was found, 
that unloaded vibroactive pad is able to generate even 
amplitudes along the whole surface, when excitation fre-
quency is 7.16 kHz, difference between the amplitudes is 
in the range of 30  nm, the colour of operating surface is 
almost homogenously red. When observing the numerical 

Fig. 8   Spots of concentrator, 
observed with Laser Doppler 
vibrometer Polytec, denoted by 
stars: a vibroactive pad, without 
applied load; b vibroactive pad 
(1) with applied mechanical 
load (2)

Fig. 9   Spots of vibroactive 
pad with spring, observed with 
Laser Doppler vibrometer 
Polytec, denoted by stars: a 
vibroactive pad, without applied 
load; b vibroactive pad (1) with 
applied mechanical load (2)

Fig. 10   Numerically simulated concentrator: a without applied load; b with applied load
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analysis results of mechanically loaded concentrator, 
central area was considered as the most important. Here 
the surface becomes blue, this indicates, that amplitudes 
here are of the similar magnitude and difference does not 
exceed the range of 10 nm. Furthermore, when analysing 
the concentrator numerically was noticed, that excitation 
frequency of the same mode does not depend on the mag-
nitude of applied mechanical load, i.e. the same excitation 
frequency of 8.38 kHz was obtained. It can be stated, that 
concentrator is suitable for the usage in hot imprint process 
and further experimental analysis of device is needed.

The next step is numerical analysis of vibroactive pad 
with spring (Fig. 11).

After the modelling of vibroactive pad with spring was 
obtained, that unloaded vibroactive pad is able to develop 
uniform amplitudes along the whole surface, when excita-
tion frequency is 4.2  kHz, difference between them does 
not exceed the magnitude of 100  nm, the whole surface 
becomes homogenously red. Observation of the surface 
with applied mechanical load has shown that the differ-
ence between amplitudes of central area does not exceed 
the range of 20 nm, when frequency excitation is 4.72 kHz. 
Excitation frequencies between unloaded and mechanically 
loaded vibroactive pads are different, but once the vibro-
active pad is being imprinted with particular pressure, the 
operating frequency does not change as the magnitude of 
the pressure is being alternated.

6.2 � Results, obtained with system PRISM

After the analysis with holographic interferometry system 
PRISM dynamic views of vibrating vibroactive pad are 

obtained. In the images white zones are considered as nodal 
lines, i.e. zones which do not experience displacements. 
Black zones are considered as places, which are moving. 
In order to compare the results, dynamic views, obtained 
at different frequencies are presented. Holographic images, 
where whole surface becomes dark are considered as 
vibrating surfaces with even displacement along them.

From the Figs. 12 and 13 can be seen, that vibroactive 
pads are capable to have equal amplitudes along the whole 
operating surface. Concentrator is vibrating with equal 
amplitudes at the frequency of 7.5 kHz and vibroactive pad 
with spring at frequency of 3.1 kHz.

6.3 � Results, obtained with vibrometer Polytec

During analysis with laser Doppler vibrometer several 
points of observation were scanned, in order to find out the 
displacements in these points. First of all vibroactive pads, 
without applied mechanical load were investigated. Results 
are presented in displacement versus frequency graphs 
(Fig. 14).

Later three points of vibroactive pad with spring (centre, 
0.5 cm from the centre and 1 cm from the centre) without 
mechanical load were investigated. As well both mechani-
cally loaded vibroactive pads (1  cm and 0.5  cm from the 
centre) were analysed. All results are presented in Table 2.

After the analysis of mechanically loaded vibroactive 
pads was noticed, that the same vibration mode, i.e. where 
all points vibrate with the same amplitude, was obtained at 
the higher excitation frequency, than it would be without 
mechanical load. But further excitation frequency remains 
the same, independently on the magnitude of mechanical 

Fig. 11   Numerically simulated vibroactive pad with spring: a without applied load; b with applied load
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load. All three points of vibroactive pad with spring with-
out applied mechanical load vibrate with the displacement 
of 0.61 μm at the frequency of 3.15 kHz. Both points of 
impressed concentrator vibrate with the displacement of 
0.052 μm, when excitation frequency is 8.46 kHz, and both 
points of vibroactive pad with spring vibrate at the same 
amplitude of 0.17  μm, when vibroactive pad is excited 
with frequency of 3.645 kHz.

6.4 � Discussions

When comparing simulated and experimental results, can 
be stated, that simulation results adequately correspond to 
experimental. Difference between experimental PRISM 
and simulation results is 4.5  %, when analyzing concen-
trator and 35.4  %, when analyzing vibroactive pad with 
spring. Comparison between experimental results, obtained 
with laser Doppler vibrometer simulation results is 5.7 % 
for concentrator and 33.3  % for vibroactive pad with 
spring, when they are without applied load. When mechani-
cal load is applied, difference for concentrator is 1 %, for 
vibroactive pad with spring is 29.5 %. Vibroactive pad with 
spring tends to have higher differences between experimen-
tal and simulated results. This may be due to assumption, 
made during the modelling, that rod, which holds spring is 
neglected, and fully filled bottom part is drawn. This gives 
more stiffness to simulated construction and in the same 
time increases operating frequency.

7 � Experiments of thermal hot imprint with usage 
of ultrasonic excitation

7.1 � Master microstructure

During mechanical hot imprint experiments periodic 
master microstructure (Fig.  15), made from nickel was 
used for fabrication of microstructure replicas. Knowing 
ideal (nominal) parameters of the master microstructure, 
GSolver software was used to model the ideal replica and 
afterwards all fabricated replicas were compared with the 
ideal results of diffraction efficiency.

Master microstructure is 4 μm in period, i.e. ridge and 
land 2  μm each. The depth of master microstructure is 
603 nm.

7.2 � Experimental matrix

During mechanical hot imprint experiments experimental 
matrix (Table 3) was composed. The quantitative variables 
of this matrix are:

1.	 Magnitude of pressure
2.	 Temperature

Qualitative variable of experimental matrix is type of 
vibroactive pad

Fig. 12   Images of concentrator, 
obtained with holographic inter-
ferometry system PRISM: a 
under frequency of 30.98 kHz; 
b under frequency of 7. 5 kHz

Fig. 13   Images of vibroactive 
pad with spring, obtained with 
holographic interferometry 
system PRISM: a under fre-
quency of 17.750 kHz; b under 
frequency of 3.1 kHz
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Fig. 14   Frequency response analysis in different points of concentrator: a frequency response analysis at the point, which is 2 cm from the cen-
tre of concentrator; b at 1 cm from centre; c at the centre

Table 2   Frequency response 
analysis of vibroactive pads

Type of vibroactive pad Status 
(loaded/unloaded)

Frequency 
(Hz)

Displacement 
(μm)

Vibroactive pad with spring Unloaded 3150 0.61

Concentrator Loaded 8460 0.052

Vibroactive pad with spring Loaded 3645 0.17

Fig. 15   The view of master microstructure, made with atomic force microscope: 3D view (a); profile view (b)
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During experiments was decided to investigate how the 
quality- diffraction efficiency of fabricated microstructure 
depends on already mentioned parameters, with the goal to 
find the most suitable combination of them.

8 � Quality investigation of fabricated 
microstructures

8.1 � Diffraction efficiency measurement setup

Optical quality of replicated microstructures was investigated 
by using laser diffractometer (Fig. 16). This device consists 
from the following components: laser beam; transparent 
microstructure and photodiode, connected with ammeter.

Diffraction efficiency measurement is accomplished 
as following: The replicated microstructure is being illu-
minated with red laser light, length of which is 632.8 nm. 
Light is being diffracted into 13 maxima, the intensity val-
ues of each maxima are measured by photodiode, which is 
connected to ammeter. Relative diffraction efficiency is cal-
culated by using following formulas:

(3)REi =
Ii

I

 where REi, is relative diffraction efficiency; Ii is the light 
intensity at particular maxima and I is the sum of all light 
intensities in all maxima.

The current, which is being registered with ammeter, is 
directly proportional to the light intensity, which reaches 
the photodiode. The relative diffraction efficiency is mul-
tiplied by 100, thus values in percent are obtained. In prac-
tice +1 and −1 maxima are the most important, since they 
are desirable property in many application fields (Hirai 
et al. 2003).

9 � Results of the experiments

9.1 � Results, obtained with laser diffractometer

After the modelling ideally replicated microstructure with 
GSolver software was obtained, that relative diffraction 
efficiencies in +1 and −1 maxima of ideally replicated 
microstructure are 38.95 %. Specimens were divided into 
four groups (Table 4), which are dependent only from tem-
perature and type of vibroactive pad. Every group includes 
five different pressures, with pressure values from 0.1 till 
0.5 MN/m2 (with equal intervals). Groups are described in 
Table 4.

Statistical investigation of pressure influence onto qual-
ity of replica in each group shows that there is no signifi-
cant difference (p  <  0.05). Therefore relative diffraction 
efficiencies (of +1 and −1 maxima) of specimens, made 
under five different pressures were averaged in each group. 
All the statistical calculations were performed with soft-
ware SPSS 13.0. using independent sample t test. Bar chart 
with statistical results is presented in Fig. 17.

Chart represents mean diffraction efficiencies of particu-
lar group with 95 % confidence interval. Based on average 
values it is obvious, that first group of specimens has high-
est mean value of relative diffraction efficiency, what is 
31.56 % (closest value to the ideal microstructure, modeled 
with GSolver), the second group follows with 20.28 %. The 
smallest mean values of relative diffraction were observes 

(4)I =
∑

i

Ii,

Table 3   Experimental matrix 
of mechanical hot imprint 
experiments

Type of vibroactive pad 
[frequency of excitation (kHz)]

Pressure 
(MN/m2)

Temperature (°C) Duration 
of imprint (s)

Concentrator (8.46) 0.1 148 10

0.2

0.3

Vibroactive pad with spring (3.645) 0.4 152

0.5

Fig. 16   Diffraction efficiency measurement setup: 1 sample; 2 pho-
todiode; 3 ammeter; 4 distribution of diffraction maximas
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in third and fourth groups of specimens, 11.73 and 12.23 % 
respectively. But statistical analysis shows that only diffrac-
tion efficiency of the first group differs from others, i.e. null 
hypothesis about equality of means was rejected (p < 0.05). 
Diffraction efficiencies have no significant difference 
between groups 2, 3 and 4.

10 � Conclusions

In this paper vibroactive pads were numerically and experi-
mentally analyzed in order to find out their operating fre-
quencies, under which they develop even displacements 
over the operating surface. Desired vibration modes were 
found numerically and experimentally. This confirmed, 
that vibroactive pads are capable to vibrate with even dis-
placements. The same mode was found, when vibroactive 
pads are under the action of applied pressure of different 
magnitudes from 101.325 till 506.625 kN/m2. As the pres-
sure is applied, the frequency of concentrator increases 
from 7.59 to 8.46 kHz. The frequency increases from 3.15 
to 3.645 kHz, when pressure is applied to vibroactive pad 
with spring. Simulation results are adequate, since differ-
ence between experimental and simulation results does 
not exceed 36  %. Moreover during the investigation was 
found, that operating frequency of mechanically loaded 

construction does not depend on the magnitude of mechan-
ical load.

After performing experiments of mechanical hot imprint 
with ultrasonic excitation, twofold analysis of specimens was 
done. Measurement of relative diffraction efficiency showed, 
that specimens, made with concentrator under the tempera-
ture of 148 °C, have highest mean value of relative diffrac-
tion efficiency −31.56 %, as well this group has low sensitiv-
ity on changes of applied pressure. It means that there is no 
significant influence of pressure into quality of replica, thus 
it can be stated, that technology is suitable in cases, where 
high mechanical loads are not recommended. The groups of 
specimens, made with vibroactive pad with spring have low-
est mean diffraction efficiencies: 11.73 and 12.23 %, when 
temperature was 148 and 152  °C respectively. Moreover, 
when temperature of 152  °C was applied, specimens have 
shown biggest sensitivity to pressure changes.
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