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Abstract: This article presents the design and implementation of a micropositioning system actuated
by three piezoelectric stacks to control its displacements on XYZ axes. The use of conventional
piezoelectric buzzers allows us to reduce fabrication costs. The working or mobile platform is the base
for objects that will be manipulated, for example, in automated assembling. The micropositioner can
be integrated into a microgripper to generate a complete manipulation system. For micropositioner
fabrication, at first, Polylactic Acid (PLA) was chosen as the structural material, but after simulation
and some experimental tests performed with a micropositioner made of Acrylonitrile Butadiene
Styrene (ABS), it showed larger displacement (approx. 20%) due to its lower stiffness. A third test
was performed with a positioner made with Polyethylene Terephthalate Glycol (PETG), obtaining an
intermediate performance. The originality of this work resides in the geometrical arrangement based
on thermoplastic polymer compliance mechanisms, as well as in the use of additive manufacturing
to fabricate it. An experimental setup was developed to carry out experimental tests. ANSYS™ was
used for simulation.

Keywords: ABS; PLA; PETG; MEMS; micromanipulation; piezoelectric actuation; hysteresis effect lin-
earization

1. Introduction

In the last century, great advances occurred in the development of technology towards
miniaturization, such as the case of the manufacture of electronic components in the planar
form [1]. This achievement allowed the massive integration of electronic elements in a
millimeter area of silicon. Since then, the development of devices derived from electronics
with increasingly smaller dimensions has been accelerated, currently reaching nanometric
scales [2,3].

Nowadays, the need to hold, move, and locate with precision to biological and non-
biological objects, with dimensions from millimeter to sub-nanometric, has increased for
applications such as study, observation, alignment, monitoring, measurement, manipu-
lation, technological development, monitoring of the evolution of samples, or assembly.
This need has been met by the industry and the scientific community, developing several
designs of micro/nano grippers [4] and micro/nanopositioners [5] with operating ranges
according to the object to be treated, with dimensions from macro to the nano range. The
application of nanomanipulation has penetrated several disciplines and sectors, such as
materials science, semiconductor, cell biology, and neuroscience [6,7].
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The function of the microgripper is to hold micro-objects. This task is not easy, since the
smaller the sample, the more complex control system is required, adding with the effects of
surface tension, which at a micrometric or lower scale complicate the task of decoupling the
sample with the microgripper [8]. Effectiveness and efficiency in micromanipulating rely
on some crucial characteristics such as, for example, high force–to–volume ratio, actuation
precision, and micropositioning accuracy [9].

Regarding positioning systems, they can spatially move an object located on its
working platform, likewise, one or more grippers can be incorporated to form a more
complex positioning system, increasing the degrees of freedom. Currently, there are several
micropositioning designs which have been implemented with different degrees of freedom
(DOF) on X direction [10], XY directions [9,11–13], and XYZ directions [14]. All of them
have linear movements in the axes of the corresponding Cartesian plane. Other positioners
implement angular movements on one or several axes [15,16]. According to its application,
the most suitable micropositioning system is chosen. However, for tasks that require
monitoring the entire surface of a sample, multiaxial positioners are preferred, because
they allow greater control of the sample′s movement [7].

To achieve high precision in the movements of the micropositioners, the moving
elements must have joints without inner gaps or deviations [17]. To achieve these charac-
teristics, the implementation of compliant mechanisms has been used. These mechanisms
have advantages with respect to the rigid-body mechanisms, such as assembly time [18],
mass manufacturing, and absence of friction in their moving parts, without the requirement
of lubricants, maintenance-free, or backlash, among others. In addition, their designs can
be adapted to different dimensional scales [19].

Micropositioners are based on different types of actuation, such as: Electrothermal [20],
electrostatic [21], electromagnetic [22], of Shape Memory Alloy (SMA) [23] and piezoelec-
tric [24]. It should be noted that piezoelectric actuators are known as devices with greater
technological maturity in the field of active materials, due to their high characteristics and
a wide range of applications. Their characteristics are high resolution, force, and operating
frequency, fast response time, long lifetime, resistance, compact, high stability, immunity
to electromagnetic interference, stiffness, and large bandwidth [15], no wear and tear [9],
etc. Therefore, it is natural that piezoelectric actuators are exploited in micropositioning
systems [25]. However, hysteresis of the piezoelectric actuators considerably degrades the
positioning accuracy of the micro/nanosystem. The compensation of the hysteresis is of a
great important issue [26]. Other disadvantages of piezoelectric microactuators are high ac-
tuation voltages and small output displacement, which constrain their applicative potential.
Table 1 shows some XYZ positioners, where their main characteristics can be identified.

Regarding the manufacturing process, generally, photolithographic technology has
been used in the integrated circuit industry. This technology is the base for the fabrication
of micromechanisms, also known as Microelectromechanical Systems (MEMS), generating
highly precise manufacturing. However, this technology is difficult to access, and expensive
for developing experimental prototypes. Another very popular method of micromachining,
and less expensive than the previous one, is the machining by electrical discharge with
wire cutting (WEDM, Wire-cutting Electric-Discharge Machining). This is the preferred
method for millimeter-sized microgrippers [27] made of some aluminum alloy as, despite
being less expensive than photolithographic technology, it is still not very accessible for the
manufacture of experimental prototypes.

A very accessible alternative for developing micropositioning devices is the use of
Fused Deposition Modeling (FDM) technology, which is little used for these purposes [28]
due to several factors derived from the process and the material used, such as insufficient
resolution, non-uniform finishes, nonresistant materials to high temperatures or great
efforts, etc. Besides, the manufactured parts do not have isotropic behavior. Despite
these disadvantages, which limit its range of application, it is feasible to develop low-cost
functional micropositioners [29,30].
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Table 1. Performance of XYZ micropositioning systems based on piezoelectric actuators.

Ref. Material Amplification Factor Maximum
Displacement X, Y, Z (µm)

Resolution
(nm)

Frequency
(Hz)

[31] Al 7075 8.1 128.1, 131.3, 17.9 (experimental) 8 262.8 and 365.9 (modal freq.)

[32] Al/7075 7.1 710 in all axes (simulation) - 76.4, 76.5, 79.6, 274.1, 326.7,
326.8 (modal freqs. (FEA))

[33] Al/7075 8.29 165.8, 5.4, 6.5
(experimental) 180 49.59 (modal freq. (FEA))

[34] Al/7075 15.3 153 in all axes
(simulation) - -

[35] Al/7075 9.31 120 in all axes
(simulation) - 226 (modal freq.)

[14] Al/7075 1 9, 9, 1
(experimental) 90 7000 (operation freq.)

From the analyzed micropositioners, it can be deduced that the control requirements
are reduced if the platform structure has greater symmetry in its movements. Then, our
first challenge will be to generate a structure with more possible symmetrical behavior,
also considering the following features: A wide range of motion in the XYZ axes, enough
to be competitive with the analyzed micropositioning systems, with additional advantages
of low-cost and a simple fabrication process.

2. Piezoelectric Stack Actuators Design

A piezo buzzer, a highly available and low-cost piezoelectric actuator, has been cho-
sen to perform the task of moving the flexible elements of the micropositioner [36]. This
device is mainly used as a sound generator for sound alerts, but it also finds other ap-
plications where displacements of the order of micrometers to nanometers are required.
Some examples of these applications are: Scanners in the XYZ directions for atomic force
microscopes [37], ultrasonic motors [38], pumps for microfluidic control in biomedical
applications [39–41], electrical power generation systems on the base of mechanical en-
ergy [42], as well as in linear motors to move flexible mechanisms [29], etc.

The structure of the individual piezo buzzer actuator consists of two parts: Brass and
ceramic discs made of Lead Zirconate Titanate (PZT) [43], with a diameter smaller than
that of the brass disc. The disk of PZT is glued to the brass disc [36]. In each disc, a terminal
is connected to power the actuator, and generally, the negative terminal is connected to
the brass disk and the positive one to the PZT disk, or inversely, to produce an inverse
deformation, we chose the last one (See Figure 1). The maximum deformation values will
be provided later.

Actuators 2021, 10, x FOR PEER REVIEW 4 of 23 
 

 

 
 

(a) (b) 

Figure 1. Piezo buzzer: (a) Dimensions A, B, C, and D are described in Table 2. (b) Transversal view, under deformation. 

Table 2. Dimensions and performance parameters of individual buzzer actuators. 

Buzzer Actuator 
(For Axis) 

Size A 
(mm) 

Size B 
(mm) 

Size C 
(mm) 

Size D 
(mm) 

Resonance Frequency 
(kHz) 

Resonance Impedance 
(Ω) 

Static Capacitance 
(nF) 

X, Y 27 18.5 0.2 0.10 3.5 ≤300 18 
Z 18 14.5 0.2 0.10 N. A. N. A. 11 

N. A.: Not available. 

 
Figure 2. Experimental setup to register the displacement of the three stack actuators for X, Y, and 
Z axes. 

0 20 40 60 80 100 120 140
0

15

30

45

60

75

90

 

O
ut

pu
t d

is
pl

ac
em

en
t (

μm
)

Input voltage (V)

 Voltage up
 Voltage down

 
0 20 40 60 80 100 120 1400

5

10

15

20

25

30

35

40

45

 

O
ut

pu
t d

is
pl

ac
em

en
t (

μm
)

Input voltage (V)

 Voltage up
 Voltage down

 

(a) (b) 

Figure 3. Deformation for piezo buzzers described in Table 2 and used for (a) X-axis and Y-axis, and (b) Z-axis displace-
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Table 2. Dimensions and performance parameters of individual buzzer actuators.

Buzzer Actuator
(For Axis)

Size A
(mm)

Size B
(mm)

Size C
(mm)

Size D
(mm)

Resonance
Frequency

(kHz)

Resonance
Impedance

(Ω)

Static Capacitance
(nF)

X, Y 27 18.5 0.2 0.10 3.5 ≤300 18
Z 18 14.5 0.2 0.10 N. A. N. A. 11

N. A.: Not available.

Dimensions and main performance parameters of the buzzers used in this work for the
implementation of the stacks for movement generation in the X, Y, and Z axes are shown
in Table 2. Buzzers used for Z-axis have a lower size, as in this axis, smaller movements
are required.

From our experimental tests with piezo buzzers shown in Table 2, the obtained linear
displacements exceed some commercial piezoelectric actuators’ response. These measure-
ments were obtained with the experimental setup shown in Figure 2; the corresponding
deformations are shown in Figure 3.
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From Figure 3, the difference of displacements on the X and Y axes compared to
Z-axis is observed. A decrement of displacement of 45.7% is obtained on the Z-axis. In
both graphs, the hysteresis behavior proper to piezo actuators is also shown. The size
dimensions differ by 33.3%.

The case of arrangements of piezoelectric actuators has been also analyzed. In [44],
the graph of force versus displacement is shown, indicating that when large forces are
required, the displacement is decreased.

In our case, the large displacement required makes it necessary to design a piezo
buzzer stack type actuator to improve the individual characteristics of the piezo buzzers.
For movement on the X and Y axes, the design consists of a parallel arrangement of six
piezo buzzers, located inside a designed Polylactic Acid (PLA) structure, fabricated by
additive manufacturing process (Figure 4a). In each piezo buzzer, the brass disc is used as
an impulse membrane of vertical displacement. Figure 4b shows the implementation of
these parallel arrangements.
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Figure 4. Buzzers stacks. (a) Schematic diagram of the piezo buzzer stack with six buzzers, for X and Y displacement axes.
Transversal view, and (b) its implementation using a structure made with Polylactic Acid (PLA). (c) Schematic diagram of
the piezo buzzer stack with two buzzers, for Z displacement axis, and (d) its implementation with a PLA support.

When the stack is fed, each buzzer is deformed as depicted in Figure 1b. The union
cylinders were placed in the zone of maximum deformation to generate the maximum
possible displacement.

For the case of the Z-axis, an arrangement of two piezoelectric buzzers was enough for
our purpose (Figure 4c,d) because, generally, in the manufacturing process, for example,
using Computer Numeric Control (CNC), the larger displacements correspond to X and Y
axes. The displacement on the Z-axis is lower since the grabbing tool generally requires
small displacements. Besides, some grabbing tools have their own automated or manual
control of position along the Z-axis [3,45].



Actuators 2021, 10, 68 6 of 23

For the stack tip, a metal nut was selected, whose thread serves to hold the element to
be moved. The small diameter size of this nut was sought. There are commercially, locally
available nuts of 3 mm in diameter, which do not strongly affect the stack deformation.
Lower diameters will not restrict the stack deformation.

The experimental arrangement used to determine the displacement of the three piezo-
electric actuators corresponding to the X, Y, and Z axes are shown in Figure 2. The results
corresponding to the displacement in each axis are shown in Figure 5. A low-cost optical
displacement sensor, implemented with a Pickup, which achieves a resolution of 100 nm,
was used to measure the displacement behavior of the stack actuators. Pickups as displace-
ment sensors are good options to perform precise measurements, as it has been proven
by [46–48].
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The data collected from displacements (Figure 5), allow us to observe the difference in
magnitudes between the displacements on the Z-axis, concerning the X and Y axes. The
maximum mean value of the displacements on the X and Y axes is 300 µm, and on the
Z-axis, the maximum value of displacement corresponds to 53.3 µm, which is enough for
our purposes. The difference in these values is produced by the different disk sizes, as well
as, by the different number of buzzers used in each case.
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There is a little variation in the maximum displacement on the X and Y axes, as a result
of the quality of the assembly and the differences in the positioning of the piezoelectric
element inside the brass disks, however, this fact does not represent a major problem
because it is possible, with an external control system, to homologate these responses [49].
Stack manufacturing repeatability can be improved through automated assembly processes.
Additionally, the quality of 3D printing can be improved by extending manufacturing
times and reducing the diameter of the nozzles for higher resolution.

A comparison of the displacements between individual piezo buzzers and piezo
buzzer stacks is given in Table 3.

Table 3. Displacements that are generated by individual piezo buzzers and piezo buzzer stacks.

Buzzer
Actuator

(For Axis)

Measured Individual
Piezo Buzzer
Displacement

(µm)

Measured Piezo
Buzzer Stack
Displacement

(µm)

% of
Increase

Calculated Piezo
Buzzer Stack

Displacement (µm)

% of Error
(Measured and

Calculated Stack
Displacement)

X and Y axes
(average) 96 300 312.5 576 47.9

Z-axis 43.9 53.3 121.4 87.8 39.2

All the piezo buzzer stacks (for X, Y, and Z axes) do not achieve the total expected
displacement according to the total number of buzzers used in each case, generating a
significantly large error between their calculated and measured values. The measured
displacements of the piezo buzzer stacks are lower than the calculated, which can be
mainly attributed to the cylindrical joints (with diameters of 4.5 mm) used between each
piezoelectric buzzer, as mentioned above, these elements reduce the total deformation. It
should be noted that six cylindrical joints are used for the stacks designed for the X and Y
axes, while only two cylindrical joints are used for the Z-axis case.

About the repeatability of displacement generated by stacks, only two stacks of
six piezo buzzers and two of four piezo buzzers were available. The corresponding
measurements are given in Table 4.

Table 4. Error in the displacement generated by piezo buzzer stacks.

Stacks of 4 Piezo Buzzers Stacks of 6 Piezo Buzzers

Stack 1 Stack 2 Average Stack 1 Stack 2 Average

% of error
(measured

and
calculated)

48.4 44.0 46.2 42.4 53.5 47.9

The average values of displacement for each pair of piezo buzzers have similar error
values. To achieve sufficient repeatability, a proper selection process of buzzers should be
considered based on their displacement and not only on their geometric characteristics and
the location of the junction point between its plates, as well as reducing the PLA cylinders
to the minimum, used as axial unions, or replacing them, using other materials or elements.
For the elaboration of each stack, a correction factor must be obtained on the displacement
and the force applied in each axis.

The forces generated by individuals and stacks of piezo buzzers are measured with
the experimental setup of Figure 6. Results are shown in Table 5.
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Table 5. Blocking force.

Buzzer Actuator
for

Measured Individual
Piezo Buzzer Force

(N)

Measured Piezo
Buzzer Stack Force

(N)

% of
Increase

Calculated Piezo
Buzzer Stack Force

(N)

% of Error of
Piezo Buzzer
Stack Force

X and Y axes
(average value) 0.424 1.275 300.7 2.544 49.8

Z-axis 0.239 0.315 131.7 0.478 34.1

From Table 5, for the case of individual buzzers, the bigger force corresponds to the
buzzer actuators of larger diameters, which are used for the X and Y axes. In the same Table,
the error between the calculated and measured force of the piezo buzzers is given. The
analytical values are calculated considering the addition of the displacements generated by
the individual piezo buzzers in the stack. For the piezo buzzer stacks, again, the bigger
force corresponds to piezo buzzer stacks for the X and Y axes, as they have six buzzers of
larger sizes compared to the Z-axis ones, which only have two buzzers. Some losses are
observed, which are mainly attributed to the connector’s diameters, which restricted the
total deformation.

3. Micropositioning Design

The design procedure was based on simulation, to obtain symmetric displacements of
the working platform, under the following considerations:

For the movement of the working platform, the input force for each axis is generated
by the corresponding piezo buzzer stack actuator, which is transmitted through flexible
mechanisms, designed by generating symmetric displacements on the X and Y axes. The
micropositioner activation method is classified as a direct actuation mode [33].

Due to the low force required to move the flexible elements of the micropositioner
and the high displacement of the piezo buzzer stack actuator, it was not necessary to use
additional movement amplification mechanisms. The demand for extra force causes a
decrease in the displacement of the piezoelectric actuator because it generates a little force
(the blocking force on the X and Y axes is 1.27 N).

The design of the micropositioner is shown in Figure 7, which is essentially composed by:

• Support for piezo buzzer stack actuators.
• A working platform (mobile support), where the samples are placed.
• A set of flexible elements for the movement on the X-axis.
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• A group of flexible elements for the movement on the Y-axis.
• The Z-axis piezo buzzer stack actuator is located above the work platform.
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Figure 7. (a) Scheme diagram of the biaxial positioner, and (b) its implementation with PLA.

Holes on the contour of the platform have two functions: (1) Subject the base support,
and (2) fix the base of piezo buzzer stacks.

This small positioner has a simple geometry and one reasonable symmetric response
on the X and Y axes, despite the differences in the configurations on the X and Y axes.
A completely symmetric parallel mechanism is commonly used. An advantage of our
arrangement is the lower size of the complete positioner and a small number of compliance
elements. This prototype is also differentiated by the piezo buzzer stacks and the chosen
materials.

Considering the low force that the piezo buzzer stack actuators can deliver, a flex-
ible material was chosen to achieve a minimum loss of force and, therefore, a greater
displacement of the working platform. Initially, the selected material was PLA, which is
preferentially used for additive manufacturing, due to its characteristics such as biodegrad-
ability under ideal conditions [50], simplest printing process, and providing significant



Actuators 2021, 10, 68 10 of 23

energy savings in its production, compared to other materials used in Additive Manufac-
turing (AM) [51]. Another example of a piezo buzzer stack can be found in [52].

However, when operating the XYZ micropositioner made with PLA, a moderate loss
of displacement was recorded in both axes. To achieve the maximum displacement that the
actuators reach, it was necessary to change the material of the flexible elements, in this case
by ABS, which is a polymer made by polymerizing styrene and acrylonitrile in the presence
of polybutadiene. ABS has a lower Young’s Modulus than PLA, with a consequent lower
resistance to bending.

3.1. Micropositioner Model

The main consideration of design was to provide symmetric displacements to the
working platform, on the X and Y axes. This goal was obtained using a different configura-
tion of compliance mechanisms on each axis. This central design determines the shape of
the external contour, but it can be replaced by any other geometric shape, following the
user’s requirements.

In the micropositioner (Figure 7a), all the suspended elements, arms, and contours of
the micropositioner have a thickness of 0.5 mm. Figure 7b shows the positioner implemen-
tation using PLA.

The Square working platform was chosen to favor the symmetry of the movements,
and its length was chosen as 1 cm2 to provide sufficient space for samples of micrometric
and even millimeter sizes.

Symmetry response was privileged in both axes supports of the working platform.

3.2. Displacement on Y-Axis

Using a simplified equivalent model of the guiding mechanisms (Figure 8), we ob-
tained it on the basis of [53,54].

For each beam of transversal area w∗t, where w is the width and t, the thickness, the
inertia moment Ib1 is calculated by the well-known relationship [55,56]:

Ib1 =
wt3

12
(1)

The stiffness of a single beam of length lb1 is given by:

kb1 =
12EIb1

L3
b1

(2)

where Lb1 is the length of the beam.
The equivalent stiffness of the 6 guiding parallel beams of length Lb1 of the working

platform that determines the displacement on the Y-axis (Figure 8a,b) is expressed as:

keqY = 6kb1 =
72EIb1

L3
b1

(3)

Displacement of the working platform on the Y-axis is given by the Hooke law,
as [53,54,56]:

Y =
F

keqY
(4)

3.3. Displacement on X-Axis

In this case, five guided beams are considered (Figure 8c,d). The equivalent stiffness,
in this case, is given by:

keqX = 4kb2 + kb3 =
48EIb2

L3
b2

+
12EIb3

L3
b3

(5)
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Lb2 and Lb3 are the corresponding lengths of the beams.
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4. Micromicropositioner Simulation

The design of the micropositioner was simulated in ANSYS ™ to specifically validate
the performance of the flexible mechanisms, which provide the displacement on the X and
Y axes, and also to optimize the dimensions of their flexible elements, as well as to know
the modal frequencies of the structure [57]. The mechanical properties of the materials used
are given in Table 6, where it is important to mention that the research about the design
used for additive manufacturing with ABS is very extensive and the values shown were
obtained experimentally in the respective references, while in the cases of PETG and PLA,
the values were provided from the manufacturer’s datasheet.
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Table 6. Properties of materials. Acrylonitrile Butadiene Styrene (ABS) ([58–61]), Polyethylene
Terephthalate Glycol (PETG) [62], PLA ([63,64]).

Parameter and Units ABS PETG PLA

Young Modulus, (GPa) 1.807 2.15 3.5
Poisson’s Ratio 0.38 0.4 0.4

Field Yield Strength, (MPa) 21 50 72
Ultimate tensile strength, (MPa) 22 60 26.4

Density, (kg/m3) 1050 1270 1250
Melting point, (◦C) 225–245 135 145–177

4.1. Static Structural Analysis

Simulation processes were performed in ANSYS using ABS. Since this material has
a lower Young’s modulus than the other materials considered, it has greater flexibility of
compatible mechanisms. One symmetrical behavior of the flexible design was sought in
both axes. After obtaining a functional design, PLA and PETG were also used to compare
results.

During the simulation with ABS, the behavior was analyzed, and key elements were
identified that were modified to improve the performance in terms of a minimum input
force with a maximum displacement at the output. The von Mises stress distribution has
lower values than the Field Yield Strength.

To check the symmetric behavior of the micropositioner, two measurement proce-
dures were carried out in the simulation in ANSYS. In the first one, two simulations were
performed, using separated applied forces in each axis. Under this condition, the perpen-
dicular axis displacement does not interfere with the axis under analysis. In Figure 9 and
Table 7, the obtained results are given.
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Figure 9. (a) X-axis and (b) Y-axis displacements obtained from the simulation in ANSYS. Results were achieved by applying
a force only on the axis where displacement was measured.

In the second procedure, both input forces were applied simultaneously, and for this
case it was of interest to observe the displacement on both axes to check if the symmetry
obtained applying separated forces was maintained. In Figure 10 and Table 5, the results of
the directional deformation in the X and Y axes are provided.
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Figure 10. (a) The X-axis and (b) Y-axis displacements are obtained by applying the force in both axes at the same time.

Figure 11 shows the maximum equivalent stress, generated by applying the forces in
the X and Y axes simultaneously. The maximum value, 3.87 MPa, is very low, compared to
the corresponding Field Yield Strength value. The maximum value of stress was obtained
when both forces were simultaneously applied.
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In Table 7, the results obtained from simulations of the micropositioner implemented
with ABS, PETG, and PLA are also presented.

The data shown in Table 7 indicate that for each micropositioner implemented in
different materials, when equal forces are applied individually to each axis, similar dis-
placements are generated (displacement differences in absolute values differ in a range of 1
to 2 µm). When both forces are applied simultaneously, the differences are slightly larger
(2 to 6 µm). In general, it is observed that the axis that presents the greatest resistance
to deformation is the X-axis because this is the one with the least symmetry, which also
implies a slightly asymmetric behavior. In general, the variations are very low, of the order
of 1.19%.

For ABS, from Equation (4), using F = 0.1 N for X and Y displacements, the results
are given in Table 8. It can be observed that the level of approximation for theoretical and
simulated values is very near, lower than 5%. It is important to mention that for the X-axis,
the parallelogram model was used, but for the Y-axis, a new nonsymmetrical configuration
was considered, therefore its performance is slightly different, and this implies that our
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model has a bigger error than the previous one, but with an acceptable value. The main
advantage of using this model is the obtained reduced area, on the opposite side of the
guiding flexible beams.

To add experimental values to Table 8, input forces of 0.1 N were applied to the
working platform. The displacement of the platform was manually measured. Some
reasons for the obtained errors could be attributed to the precision in the measurements, as
well as the precision of the fabrication process and the non-isotropy of the materials.

From Table 8, it is possible to observe that the biggest symmetry on the displacements
is obtained for PETG, but lower displacement compared with ABS. The analytical model
for the case of the X-axis shows a different trend that is followed by the simulated and
experimental cases. Our approximations need to be improved, fortunately, the error
compared with simulation results is very small; in all cases, it is lower than 5%.

Technical details about FEA analysis are provided in Table 9. Our values of skewness
and orthogonal quality of mesh are very good, in accordance to skewness and orthogonal
quality mesh metric spectrums given in [65], as they are inside of the range 0.25–0.50 and
0.70–0.95, respectively. An image of the mash is given in Figure 12. The initial mesh is
appropriated providing a sufficient resolution to accurately model geometric and material
nonlinearities [66]. The displacement obtained by simulation in X and Y axes have larger
values of approximately 300 µm, which are lower than half of the beam thickness (1.5 mm),
which allows us to consider it as a unidimensional object [67].
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Table 7. Results are obtained when forces are applied in the X, Y, and XY directions simultaneously.

Force ABS PETG PLA

X
(N)

Y
(N)

Displacement X
(µm)

Displacement Y
(µm)

Maximum Equivalent
Stress (MPa)

Displacement X
(µm)

Displacement Y
(µm)

Maximum Equivalent
Stress (MPa)

Displacement X
(µm)

Displacement Y
(µm)

Maximum Equivalent
Stress (MPa)

0.1 0 503 −1.13 3.82 420 2.48 3.83 257 −1.1 3.83
0 0.1 −38.1 × 10−3 −504 2.77 −15.7 × 10−3 −422 2.78 −16.1 × 10−3 −259 2.78
0.1 0.1 502 −508 3.87 420 −423 3.9 257 −260 3.9

Table 8. Comparison of displacement values on the X and Y axes for ABS.

Type of Analysis
(Force = 0.1 N)

ABS PETG PLA

Displacement on X Displacement on Y Displacement on X Displacement on Y Displacement on X Displacement on Y

Simulation (µm) 503 504 420 422 257 259
Analytical (µm) 519.6 482.0 436.7 403.1 268.1 248.8

Experimental (µm) 290.1 372.1 253.8 271.4 131.2 226.2
% of error (simulation and

analytical) 3.3 4.3 3.9 4.4 4.3 3.9

% of error (simulation and
experimental) 42.3 26.1 39.5 35.6 48.9 12.6

Table 9. Technical details about FEA.

Device Solver Target Element Type/Mesh
Inflation

Statistic

Total Mass (g)No. of Total
Nodes

No. of Total
Elements

Mesh

Transition
Ratio

Max.
Layers

Growth
Rate Skewness Orthogonal

Quality

Micropositioner Mechanical
APDL

SOLID
187/Refinement

Controlled program
(Tet10)

0.272 5 1.2 100,545 49,867

Average ABS
8.360.47515 0.73378

Standard deviation PETG
10.11

0.15667 0.1138 PLA
9.96
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4.2. Modal Analysis

If the platform will be used in processes where vibrations are present or when forces
are applied under relatively high frequencies, as it could be the case for laser machining,
the frequency response of the micropositioner must be known to determine the frequencies
that limit their operation [68], so in this section the modal shapes for the micropositioners
implemented with the three materials are determined.

The value of the suspended mass or mass of the working platform (0.20 g), plus the
piezo buzzer stack mass (2.03 g) used in the Z direction, provides the total mass of 2.23 g.

The boundary conditions for obtaining the modal forms are the fixed ends of the
beams and the consideration of the device under analysis without load.

For the micropositioner designed with PLA, according to the first three modal frequen-
cies given in Table 10, which also provide the expected movements in axis, it is determined
that the operating frequency should not reach 137.87 Hz. For the case of PETG, the lower
frequency corresponds to 107.67 Hz, and for ABS, to 108.33 Hz. As can be observed, the
lower value of frequency corresponds to PETG.

Table 10. The first three modal frequencies for the micropositioners were designed with PLA, PETG, and ABS.

Micropositioning platform implemented with PLA.

Actuators 2021, 10, x FOR PEER REVIEW 15 of 23 
 

 

 
Figure 12. A zoom focused on the mash for the working platform of the micropositioner. 

Modal Analysis 
If the platform will be used in processes where vibrations are present or when forces 

are applied under relatively high frequencies, as it could be the case for laser machining, 
the frequency response of the micropositioner must be known to determine the frequen-
cies that limit their operation [68], so in this section the modal shapes for the microposi-
tioners implemented with the three materials are determined. 

The value of the suspended mass or mass of the working platform (0.20 g), plus the 
piezo buzzer stack mass (2.03 g) used in the Z direction, provides the total mass of 2.23 g. 

The boundary conditions for obtaining the modal forms are the fixed ends of the 
beams and the consideration of the device under analysis without load. 

For the micropositioner designed with PLA, according to the first three modal fre-
quencies given in Table 10, which also provide the expected movements in axis, it is de-
termined that the operating frequency should not reach 137.87 Hz. For the case of PETG, 
the lower frequency corresponds to 107.67 Hz, and for ABS, to 108.33 Hz. As can be ob-
served, the lower value of frequency corresponds to PETG.  

Table 10. The first three modal frequencies for the micropositioners were designed with PLA, PETG, and ABS. 

Micropositioning platform implemented with PLA. 

   
1st Modal frequency = 137.87 Hz 2nd Modal frequency = 152.13 Hz 3rd Modal frequency = 194.17 Hz 

Micropositioning platform implemented with PETG. 

   
1st Modal frequency = 107.57 Hz 2nd Modal frequency = 118.58 Hz 3rd Modal frequency = 151.07 Hz 

Micropositioning platform implemented with ABS. 

Actuators 2021, 10, x FOR PEER REVIEW 15 of 23 
 

 

 
Figure 12. A zoom focused on the mash for the working platform of the micropositioner. 

Modal Analysis 
If the platform will be used in processes where vibrations are present or when forces 

are applied under relatively high frequencies, as it could be the case for laser machining, 
the frequency response of the micropositioner must be known to determine the frequen-
cies that limit their operation [68], so in this section the modal shapes for the microposi-
tioners implemented with the three materials are determined. 

The value of the suspended mass or mass of the working platform (0.20 g), plus the 
piezo buzzer stack mass (2.03 g) used in the Z direction, provides the total mass of 2.23 g. 

The boundary conditions for obtaining the modal forms are the fixed ends of the 
beams and the consideration of the device under analysis without load. 

For the micropositioner designed with PLA, according to the first three modal fre-
quencies given in Table 10, which also provide the expected movements in axis, it is de-
termined that the operating frequency should not reach 137.87 Hz. For the case of PETG, 
the lower frequency corresponds to 107.67 Hz, and for ABS, to 108.33 Hz. As can be ob-
served, the lower value of frequency corresponds to PETG.  

Table 10. The first three modal frequencies for the micropositioners were designed with PLA, PETG, and ABS. 

Micropositioning platform implemented with PLA. 

   
1st Modal frequency = 137.87 Hz 2nd Modal frequency = 152.13 Hz 3rd Modal frequency = 194.17 Hz 

Micropositioning platform implemented with PETG. 

   
1st Modal frequency = 107.57 Hz 2nd Modal frequency = 118.58 Hz 3rd Modal frequency = 151.07 Hz 

Micropositioning platform implemented with ABS. 

Actuators 2021, 10, x FOR PEER REVIEW 15 of 23 
 

 

 
Figure 12. A zoom focused on the mash for the working platform of the micropositioner. 

Modal Analysis 
If the platform will be used in processes where vibrations are present or when forces 

are applied under relatively high frequencies, as it could be the case for laser machining, 
the frequency response of the micropositioner must be known to determine the frequen-
cies that limit their operation [68], so in this section the modal shapes for the microposi-
tioners implemented with the three materials are determined. 

The value of the suspended mass or mass of the working platform (0.20 g), plus the 
piezo buzzer stack mass (2.03 g) used in the Z direction, provides the total mass of 2.23 g. 

The boundary conditions for obtaining the modal forms are the fixed ends of the 
beams and the consideration of the device under analysis without load. 

For the micropositioner designed with PLA, according to the first three modal fre-
quencies given in Table 10, which also provide the expected movements in axis, it is de-
termined that the operating frequency should not reach 137.87 Hz. For the case of PETG, 
the lower frequency corresponds to 107.67 Hz, and for ABS, to 108.33 Hz. As can be ob-
served, the lower value of frequency corresponds to PETG.  

Table 10. The first three modal frequencies for the micropositioners were designed with PLA, PETG, and ABS. 

Micropositioning platform implemented with PLA. 

   
1st Modal frequency = 137.87 Hz 2nd Modal frequency = 152.13 Hz 3rd Modal frequency = 194.17 Hz 

Micropositioning platform implemented with PETG. 

   
1st Modal frequency = 107.57 Hz 2nd Modal frequency = 118.58 Hz 3rd Modal frequency = 151.07 Hz 

Micropositioning platform implemented with ABS. 

1st Modal frequency = 137.87 Hz 2nd Modal frequency = 152.13 Hz 3rd Modal frequency = 194.17 Hz

Micropositioning platform implemented with PETG.

Actuators 2021, 10, x FOR PEER REVIEW 15 of 23 
 

 

 
Figure 12. A zoom focused on the mash for the working platform of the micropositioner. 

Modal Analysis 
If the platform will be used in processes where vibrations are present or when forces 

are applied under relatively high frequencies, as it could be the case for laser machining, 
the frequency response of the micropositioner must be known to determine the frequen-
cies that limit their operation [68], so in this section the modal shapes for the microposi-
tioners implemented with the three materials are determined. 

The value of the suspended mass or mass of the working platform (0.20 g), plus the 
piezo buzzer stack mass (2.03 g) used in the Z direction, provides the total mass of 2.23 g. 

The boundary conditions for obtaining the modal forms are the fixed ends of the 
beams and the consideration of the device under analysis without load. 

For the micropositioner designed with PLA, according to the first three modal fre-
quencies given in Table 10, which also provide the expected movements in axis, it is de-
termined that the operating frequency should not reach 137.87 Hz. For the case of PETG, 
the lower frequency corresponds to 107.67 Hz, and for ABS, to 108.33 Hz. As can be ob-
served, the lower value of frequency corresponds to PETG.  

Table 10. The first three modal frequencies for the micropositioners were designed with PLA, PETG, and ABS. 

Micropositioning platform implemented with PLA. 

   
1st Modal frequency = 137.87 Hz 2nd Modal frequency = 152.13 Hz 3rd Modal frequency = 194.17 Hz 

Micropositioning platform implemented with PETG. 

   
1st Modal frequency = 107.57 Hz 2nd Modal frequency = 118.58 Hz 3rd Modal frequency = 151.07 Hz 

Micropositioning platform implemented with ABS. 

Actuators 2021, 10, x FOR PEER REVIEW 15 of 23 
 

 

 
Figure 12. A zoom focused on the mash for the working platform of the micropositioner. 

Modal Analysis 
If the platform will be used in processes where vibrations are present or when forces 

are applied under relatively high frequencies, as it could be the case for laser machining, 
the frequency response of the micropositioner must be known to determine the frequen-
cies that limit their operation [68], so in this section the modal shapes for the microposi-
tioners implemented with the three materials are determined. 

The value of the suspended mass or mass of the working platform (0.20 g), plus the 
piezo buzzer stack mass (2.03 g) used in the Z direction, provides the total mass of 2.23 g. 

The boundary conditions for obtaining the modal forms are the fixed ends of the 
beams and the consideration of the device under analysis without load. 

For the micropositioner designed with PLA, according to the first three modal fre-
quencies given in Table 10, which also provide the expected movements in axis, it is de-
termined that the operating frequency should not reach 137.87 Hz. For the case of PETG, 
the lower frequency corresponds to 107.67 Hz, and for ABS, to 108.33 Hz. As can be ob-
served, the lower value of frequency corresponds to PETG.  

Table 10. The first three modal frequencies for the micropositioners were designed with PLA, PETG, and ABS. 

Micropositioning platform implemented with PLA. 

   
1st Modal frequency = 137.87 Hz 2nd Modal frequency = 152.13 Hz 3rd Modal frequency = 194.17 Hz 

Micropositioning platform implemented with PETG. 

   
1st Modal frequency = 107.57 Hz 2nd Modal frequency = 118.58 Hz 3rd Modal frequency = 151.07 Hz 

Micropositioning platform implemented with ABS. 

Actuators 2021, 10, x FOR PEER REVIEW 15 of 23 
 

 

 
Figure 12. A zoom focused on the mash for the working platform of the micropositioner. 

Modal Analysis 
If the platform will be used in processes where vibrations are present or when forces 

are applied under relatively high frequencies, as it could be the case for laser machining, 
the frequency response of the micropositioner must be known to determine the frequen-
cies that limit their operation [68], so in this section the modal shapes for the microposi-
tioners implemented with the three materials are determined. 

The value of the suspended mass or mass of the working platform (0.20 g), plus the 
piezo buzzer stack mass (2.03 g) used in the Z direction, provides the total mass of 2.23 g. 

The boundary conditions for obtaining the modal forms are the fixed ends of the 
beams and the consideration of the device under analysis without load. 

For the micropositioner designed with PLA, according to the first three modal fre-
quencies given in Table 10, which also provide the expected movements in axis, it is de-
termined that the operating frequency should not reach 137.87 Hz. For the case of PETG, 
the lower frequency corresponds to 107.67 Hz, and for ABS, to 108.33 Hz. As can be ob-
served, the lower value of frequency corresponds to PETG.  

Table 10. The first three modal frequencies for the micropositioners were designed with PLA, PETG, and ABS. 

Micropositioning platform implemented with PLA. 

   
1st Modal frequency = 137.87 Hz 2nd Modal frequency = 152.13 Hz 3rd Modal frequency = 194.17 Hz 

Micropositioning platform implemented with PETG. 

   
1st Modal frequency = 107.57 Hz 2nd Modal frequency = 118.58 Hz 3rd Modal frequency = 151.07 Hz 

Micropositioning platform implemented with ABS. 
1st Modal frequency = 107.57 Hz 2nd Modal frequency = 118.58 Hz 3rd Modal frequency = 151.07 Hz

Micropositioning platform implemented with ABS.

Actuators 2021, 10, x FOR PEER REVIEW 16 of 23 
 

 

   
1st Modal frequency = 108.33 Hz 2nd Modal frequency = 119.46 Hz 3rd Modal frequency = 152.43 Hz 

In Table 11, technical details about simulation in ANSYS are shown. 

Table 11. Technical details about the FE simulations for frequencies of modal response. 

Device Solver Target Element Type/ 
Mesh 

Statistics 
No. of Total 

Nodes 
No. of Total 

Elements Skewness 
Orthogona
l Quality 

Micropositioner Mechanical APDL 
SOLID 187/Face sizing -> 
element size = 1 × 10-4 m 974283 556583 

Average 
0.432 0.565 

Standard deviation 
0.191 0.188 

In Table 12, a comparison between the performance of micropositioners imple-
mented with PLA and ABS is given. Based on these results, the positioner of ABS was 
chosen, as we are focused on displacement, and the reduction of frequency, compared 
with the response of PLA positioner, which is not relevant.  

Table 12. Displacement and frequency of micropositioners implemented with PLA, PETG, and ABS. 

Positioner Displacements on the X-axis, (µm) Decrease 
(%) 

Frequency (Hz) Increment 
(%) 

ABS (reference) 502 N. A 108.33 N.A. 
PETG 420 16.4 107.67 Hz -0.6 
PLA 257 48.8 137.87 27.26 

5. Experimental Results 
The experimental setup designed to record the micropositioner displacement on the 

X, Y, and Z axes is shown in Figure 13a. To achieve comparable results, the piezo buzzer 
stack actuator with the largest displacement was used to obtain the displacement on the 
X and Y axes. The pickup sensor was used to register the displacements in these axes, and 
a microscope to monitor the displacement. Since the lateral space of the working platform 
is too small to place the pickup sensor at an operating distance, a lightweight PLA block 
was placed on the working platform with a piece of highly reflective material placed on 
one of its sides to receive the laser beam (Figure 13b). 

The microdisplacement platform, made up of compliance elements, is removable. It 
is placed on perimeter support made of PLA through screws; the support is not a critical 
element on the micropositioner performance, then it can be manufactured with a poly-
meric material or metal. 

The stack piezoelectric actuators designed for movements on the X or Y axes are fixed 
on the appropriate location on the contour of the micropositioner device. They are at first 
individually fed with 0 V to 150 V, with increments of 10 V. The displacement of the work-
ing platform is measured at each increment of voltage. When 150 V is applied, the poten-
tial difference was progressively decreased with steps of 10 V, and again the displacement 
values of the working platform were recorded. This procedure was applied to both axes 
of the micropositioner independently. 

Actuators 2021, 10, x FOR PEER REVIEW 16 of 23 
 

 

   
1st Modal frequency = 108.33 Hz 2nd Modal frequency = 119.46 Hz 3rd Modal frequency = 152.43 Hz 

In Table 11, technical details about simulation in ANSYS are shown. 

Table 11. Technical details about the FE simulations for frequencies of modal response. 

Device Solver Target Element Type/ 
Mesh 

Statistics 
No. of Total 

Nodes 
No. of Total 

Elements Skewness 
Orthogona
l Quality 

Micropositioner Mechanical APDL 
SOLID 187/Face sizing -> 
element size = 1 × 10-4 m 974283 556583 

Average 
0.432 0.565 

Standard deviation 
0.191 0.188 

In Table 12, a comparison between the performance of micropositioners imple-
mented with PLA and ABS is given. Based on these results, the positioner of ABS was 
chosen, as we are focused on displacement, and the reduction of frequency, compared 
with the response of PLA positioner, which is not relevant.  

Table 12. Displacement and frequency of micropositioners implemented with PLA, PETG, and ABS. 

Positioner Displacements on the X-axis, (µm) Decrease 
(%) 

Frequency (Hz) Increment 
(%) 

ABS (reference) 502 N. A 108.33 N.A. 
PETG 420 16.4 107.67 Hz -0.6 
PLA 257 48.8 137.87 27.26 

5. Experimental Results 
The experimental setup designed to record the micropositioner displacement on the 

X, Y, and Z axes is shown in Figure 13a. To achieve comparable results, the piezo buzzer 
stack actuator with the largest displacement was used to obtain the displacement on the 
X and Y axes. The pickup sensor was used to register the displacements in these axes, and 
a microscope to monitor the displacement. Since the lateral space of the working platform 
is too small to place the pickup sensor at an operating distance, a lightweight PLA block 
was placed on the working platform with a piece of highly reflective material placed on 
one of its sides to receive the laser beam (Figure 13b). 

The microdisplacement platform, made up of compliance elements, is removable. It 
is placed on perimeter support made of PLA through screws; the support is not a critical 
element on the micropositioner performance, then it can be manufactured with a poly-
meric material or metal. 

The stack piezoelectric actuators designed for movements on the X or Y axes are fixed 
on the appropriate location on the contour of the micropositioner device. They are at first 
individually fed with 0 V to 150 V, with increments of 10 V. The displacement of the work-
ing platform is measured at each increment of voltage. When 150 V is applied, the poten-
tial difference was progressively decreased with steps of 10 V, and again the displacement 
values of the working platform were recorded. This procedure was applied to both axes 
of the micropositioner independently. 

Actuators 2021, 10, x FOR PEER REVIEW 16 of 23 
 

 

   
1st Modal frequency = 108.33 Hz 2nd Modal frequency = 119.46 Hz 3rd Modal frequency = 152.43 Hz 

In Table 11, technical details about simulation in ANSYS are shown. 

Table 11. Technical details about the FE simulations for frequencies of modal response. 

Device Solver Target Element Type/ 
Mesh 

Statistics 
No. of Total 

Nodes 
No. of Total 

Elements Skewness 
Orthogona
l Quality 

Micropositioner Mechanical APDL 
SOLID 187/Face sizing -> 
element size = 1 × 10-4 m 974283 556583 

Average 
0.432 0.565 

Standard deviation 
0.191 0.188 

In Table 12, a comparison between the performance of micropositioners imple-
mented with PLA and ABS is given. Based on these results, the positioner of ABS was 
chosen, as we are focused on displacement, and the reduction of frequency, compared 
with the response of PLA positioner, which is not relevant.  

Table 12. Displacement and frequency of micropositioners implemented with PLA, PETG, and ABS. 

Positioner Displacements on the X-axis, (µm) Decrease 
(%) 

Frequency (Hz) Increment 
(%) 

ABS (reference) 502 N. A 108.33 N.A. 
PETG 420 16.4 107.67 Hz -0.6 
PLA 257 48.8 137.87 27.26 

5. Experimental Results 
The experimental setup designed to record the micropositioner displacement on the 

X, Y, and Z axes is shown in Figure 13a. To achieve comparable results, the piezo buzzer 
stack actuator with the largest displacement was used to obtain the displacement on the 
X and Y axes. The pickup sensor was used to register the displacements in these axes, and 
a microscope to monitor the displacement. Since the lateral space of the working platform 
is too small to place the pickup sensor at an operating distance, a lightweight PLA block 
was placed on the working platform with a piece of highly reflective material placed on 
one of its sides to receive the laser beam (Figure 13b). 

The microdisplacement platform, made up of compliance elements, is removable. It 
is placed on perimeter support made of PLA through screws; the support is not a critical 
element on the micropositioner performance, then it can be manufactured with a poly-
meric material or metal. 

The stack piezoelectric actuators designed for movements on the X or Y axes are fixed 
on the appropriate location on the contour of the micropositioner device. They are at first 
individually fed with 0 V to 150 V, with increments of 10 V. The displacement of the work-
ing platform is measured at each increment of voltage. When 150 V is applied, the poten-
tial difference was progressively decreased with steps of 10 V, and again the displacement 
values of the working platform were recorded. This procedure was applied to both axes 
of the micropositioner independently. 

1st Modal frequency = 108.33 Hz 2nd Modal frequency = 119.46 Hz 3rd Modal frequency = 152.43 Hz

In Table 11, technical details about simulation in ANSYS are shown.



Actuators 2021, 10, 68 17 of 23

Table 11. Technical details about the FE simulations for frequencies of modal response.

Device Solver Target Element Type/Mesh
Statistics

No. of Total
Nodes

No. of Total
Elements Skewness Orthogonal

Quality

Micropositioner Mechanical
APDL

SOLID 187/Face sizing ->
element size = 1 × 10−4 m

974,283 556,583

Average
0.432 0.565

Standard deviation
0.191 0.188

In Table 12, a comparison between the performance of micropositioners implemented
with PLA and ABS is given. Based on these results, the positioner of ABS was chosen,
as we are focused on displacement, and the reduction of frequency, compared with the
response of PLA positioner, which is not relevant.

Table 12. Displacement and frequency of micropositioners implemented with PLA, PETG, and ABS.

Positioner Displacements on the X-Axis, (µm) Decrease
(%) Frequency (Hz) Increment

(%)

ABS (reference) 502 N. A 108.33 N.A.
PETG 420 16.4 107.67 Hz −0.6
PLA 257 48.8 137.87 27.26

5. Experimental Results

The experimental setup designed to record the micropositioner displacement on the
X, Y, and Z axes is shown in Figure 13a. To achieve comparable results, the piezo buzzer
stack actuator with the largest displacement was used to obtain the displacement on the X
and Y axes. The pickup sensor was used to register the displacements in these axes, and a
microscope to monitor the displacement. Since the lateral space of the working platform is
too small to place the pickup sensor at an operating distance, a lightweight PLA block was
placed on the working platform with a piece of highly reflective material placed on one of
its sides to receive the laser beam (Figure 13b).
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The microdisplacement platform, made up of compliance elements, is removable. It
is placed on perimeter support made of PLA through screws; the support is not a critical
element on the micropositioner performance, then it can be manufactured with a polymeric
material or metal.

The stack piezoelectric actuators designed for movements on the X or Y axes are
fixed on the appropriate location on the contour of the micropositioner device. They are
at first individually fed with 0 V to 150 V, with increments of 10 V. The displacement of
the working platform is measured at each increment of voltage. When 150 V is applied,
the potential difference was progressively decreased with steps of 10 V, and again the
displacement values of the working platform were recorded. This procedure was applied
to both axes of the micropositioner independently.

To validate the choice of ABS as the structural material for the micropositioner fabri-
cation, three prototypes were fabricated using ABS, PETG, and PLA. With each one, the
displacement measurements were carried out. Displacements on the X and Y axes are pro-
vided in Figure 14, for each case. The results comparison is given in Table 13, considering
the maximum displacements.

Table 13. Maximum displacements are achieved by the XY working platform made of different
materials.

Material Displacements on
the X-Axis, (µm)

Displacements on
the Y-Axis, (µm) % of Error

ABS 318.5 331 3.92
PETG 322.4 327.3 1.52
PLA 292.7 307.1 4.92

From Figure 14 and Table 9, it is observed that the symmetric movements on the X and
Y axes are maintained by the three prototypes since, for all cases, the values of displacement
on both axes are very close. The error value is smaller for PETG (1.52%), while the larger
corresponds to PLA (4.92%). Previously, it was considered to choose ABS for fabrication,
because, with this material, the largest displacements were obtained, and this selection is
maintained, in this case, due to the small error in symmetric displacements on the X and Y
axes. Resolution on movements is determined by pickup sensor, model SF-P151, SANYO,
with a resolution of 100 nm.
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Figure 14. Output displacement on the X-axis and Y-axis, respectively, (a) and (b), for ABS. (c) and (d) for PETG. (e) and 
(f) for PLA. 

Linearization of Displacement of the Piezoelectric Actuator 
A control system can be used, either in a closed or open loop, to compensate for the 

hysteresis effect, characteristic of the piezoelectric actuator. 
In closed-loop, high resolution and precision sensors are required to generate a feed-

back signal to the control system, for example, a microcontroller, which performs the nec-
essary corrections to achieve the magnitude of the desired displacement. With this system, 
high output precision can be achieved, however, the cost of the system increases with the 
use of sensors and additional electronics. 

On the other side, about the open-loop control system, its basic implementation does 
not require any sensor, but it is necessary to know the detailed behavior of the piezoelec-
tric actuator when it is subjected to variations of electric potential. With this information, 

Figure 14. Output displacement on the X-axis and Y-axis, respectively, (a) and (b), for ABS. (c) and (d) for PETG. (e) and (f)
for PLA.

Linearization of Displacement of the Piezoelectric Actuator

A control system can be used, either in a closed or open loop, to compensate for the
hysteresis effect, characteristic of the piezoelectric actuator.

In closed-loop, high resolution and precision sensors are required to generate a feed-
back signal to the control system, for example, a microcontroller, which performs the
necessary corrections to achieve the magnitude of the desired displacement. With this
system, high output precision can be achieved, however, the cost of the system increases
with the use of sensors and additional electronics.

On the other side, about the open-loop control system, its basic implementation does
not require any sensor, but it is necessary to know the detailed behavior of the piezoelectric
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actuator when it is subjected to variations of electric potential. With this information, the
displacement of the actuator is mathematically modeled, since that, the programming of
the microcontroller is performed to execute the established operations.

Due to the low-cost approach of the proposed micropositioner, it was decided to
improve its precision using an open-loop control system. The method used is basic, but it
provides a level of precision enough to reduce the hysteresis effect. It was designed for an
electric potential increase condition. A complete model can be used for the case of increase
and decrease voltage conditions, as reported in [69].

The method determines the voltage values required to obtain linear displacements in
the established range.

The first step is to invert the graph, using the output displacement of the piezo buzzer
stack versus the input electric potential. Subsequently, the order of a suitable polynomial
is calculated to achieve an approximation that accurately reproduces the hysteresis curve
corresponding to the increase of voltage, as shown in Figure 15a.
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Finally, an algorithm for the control system is made by implementing the calculated
polynomial function. The algorithm must be able to meet the requirements, that is, to
generate linear displacements by evaluating the polynomial function to apply the cal-
culated electric potential to the piezo buzzer stack actuator. In Figure 15b, the results
achieved are presented, on the Y-axis of the micropositioner, with the implementation of
the basic linearization method. The number of steps corresponds to the desired offset, with
increments of 22.3 µm. Because the correlation coefficient between the experimental value
and the analytical value is high, 0.99997, the linearization model provides a feasible option
to compensate for the hysteresis effect of the used piezoelectric actuators.

6. Conclusions

The use of piezoelectric buzzers allows us to develop piezo stack actuators, based
on them, of low cost. Different sizes of piezo buzzers allow us to design piezo stacks for
different displacement requirements, in this case, larger displacement corresponds to the X
and Y axes, and lower for the Z-axis.

In aleatory samples of piezo buzzers, there is a small variation in the internal diameters,
and especially in the internal location of PZT. Therefore, a careful selection is necessary
before assembling the stacks.

These piezo stacks provide large displacements, more than most commercial options;
however, the generated force is much lower, therefore, their applications are limited by this
characteristic.
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The support structure of the piezo stacks can be improved to generate the expected
summation of the individual displacements of the piezo actuators or layers that form it.

The simulation was used as a design tool, to determine the compliance arrangement
to provide symmetric response on the displacement of the working platform on the X and
Y axes.

For the prototypes implemented in simulation, with ABS, PETG, and PLA, the com-
pliance elements provided symmetric displacements to the working platform, with a
percentage of error lower than 5%, with a minimal (1.52%) for PETG. ABS and PETG
provided the largest displacements in simulation.

Simulation with ABS positioner was performed to determine the modal frequencies
to obtain the conditions for maintaining the integrity of the micropositioner.

With the experimental setup, the largest displacements of the working platform on
the X and Y axes also corresponded to prototypes made with ABS and PETG.

An open-loop control was designed and implemented to linearize the displacement
when electric potential increases condition, with high correlation values, that shows its
precision level.

As future work, this micropositioner can be integrated into a microgripper to obtain
a complete micromanipulation system of low cost. A PID control system would be also
added, to compensate the hysteresis effect to increase the precision of the positioning.
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