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Abstract
We report the development of a novel 4-DOF monolithic piezoelectric stage using distributed electrode-
excitation of piezoelectric unimorphs. The movements include X-tilt, Y-tilt, Z-translations and Z-rotation.
The electrode pattern and size of piezoelectric plates are the important parameters while designing the
stage. Finite element simulation is done to design and characterize the piezoelectric stage. The static
displacement of the piezoelectric stage for X-tilt, Y-tilt and Z-translation of the piezoelectric stage are 47
µm, 48.8 µm, and 41.8 µm at 100 volts DC, respectively, whereas Z-rotation is nearly 29.5 µm at 100
volts. Fabrication of piezoelectric stage is done and electrode of piezoelectric plates have been made by
UV lithography. Both simulation and experimental results are compared.

1. Introduction
Miniaturized stages with multiple degrees of freedom (DOFs) have attracted considerable attention due
to their wide range of applications in optical endoscopy (Tang et al. 2009), image stabilization (Chiou et
al. 2010), optical waveguide alignment, probe-based microscopy (Yong and Moheimani 2010), laser
beam steering (Lemke et al. 2019), adaptive optics, data storage systems (Chen et al. 2002) and
calibration of inertial sensors such as gyroscopes and accelerometers (Piratla et al. 2012; Tang et al.
2013). These applications demand compact devices capable of precise motion control, large
displacement range, low power consumption, high reliability, and high dynamic performance (Yong et al.
2012). Various actuation mechanisms, including electrostatic, electromagnetic, and piezoelectric
actuation, have been investigated to realize such systems (Rizzello et al. 2015; Shan et al. 2015; Price et
al. 2015; AbuZaiter et al. 2016; Coskun et al. 2017; Zhu et al. 2021; Sharma et al. 2026a). Among them,
piezoelectric actuation offers significant advantages, including high positioning resolution, fast
response, low power consumption, compact size, and ease of integration into monolithic structures
(Shukla et al. 2012; Liu et al. 2018; Chang et al. 2024; Pan et al. 2026).

Kobayashi et al. (Kobayashi et al. 2005) developed MEMS-based 1D optical micro-scanners actuated by
piezoelectric cantilevers, achieving optical scanning angles up to 25° at resonance frequencies between
4.1 and 6.0 kHz. Zhu et al. (Zhu et al. 2011) reported a piezoelectrically actuated tip–tilt–piston
micromirror utilizing PZT unimorph actuators capable of two-axis rotational and piston motions,
producing rotational scan angles of approximately 5° and piston displacements of 32 µm. Aktakka et al.
(Aktakka et al. 2013a) presented a six-degree-of-freedom vibratory stage based on distributed excitation
electrodes and PZT/Si unimorph T-beams to achieve both translational and rotational motions. In
another study, Aktakka et al. (Aktakka et al. 2013b) reported a 3-DOF piezoelectric micro vibratory stage
based on bulk-PZT/Si L-shaped unimorph beam suspensions optimized via finite element analysis,
achieving > 2.3° tilt and 42 µm displacement in static mode. Although, MEMS-based and microfabricated
piezoelectric systems have demonstrated effective multi-degree-of-freedom (multi-DOF) actuation, their
realization typically requires complex and multi-step fabrication processes including bulk-PZT
integration, substrate thinning and fine-scale micropatterning. Such requirements substantially increase
fabrication complexity and cost. Therefore, developing multi-DOF piezoelectric stages that combine
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structural simplicity, ease of fabrication, compactness, and efficient actuation remains an important
research challenge. Piezoelectric stack actuators have been extensively used in macro size precision
stages (Kenton and Leang 2010; Yong and Moheimani 2010; Yong et al. 2012; Tang and Li 2015;
Ghafarian et al. 2020); however, bending-mode piezoelectric actuators have gained increasing attention
because of their lower cost, ease of fabrication, reduced residual stress, and favorable compliance
characteristics.

Fleming et al. (Fleming and Yong 2017) demonstrated an XY nanopositioning stage machined from a
single piezoelectric sheet, achieving a travel range of 8.6 µm with a first resonance frequency of 597 Hz.
Moore et al. (Moore et al. 2018) subsequently proposed monolithic serial-kinematic nanopositioners in
which the flexures, actuators and sensors were integrated into a single piezoelectric structure, achieving
sensitivities greater than 18 nm/V and resonance frequencies around 250 Hz. In a later work, Moore et
al. (Moore et al. 2021) further demonstrated an XY nanopositioning stage employing in-plane bending
actuators capable of achieving approximately 10 µm travel range while maintaining a compact
monolithic architecture suitable for atomic force microscopy. Omidbeike et al. (Omidbeike et al. 2019)
extended the concept to a five-axis monolithic nanopositioning platform capable of translational and
rotational motions, providing translational travel ranges up to 26 µm and rotational motions approaching
884 µrad. These studies demonstrate the effectiveness of bending mode multi-DOF nanopositioning
systems; however, these designs are often involve complex structures or fabrication processes.

Zhang et al. (Zhang et al. 2021) proposed a two-axis piezoelectric tilting mirror based on bonded
piezoelectric composite beams, demonstrating low capacitance, fast response, high positioning
accuracy and effective laser beam steering capability. Furthermore, Lemke et al. (Lemke et al. 2019)
developed piezo-actuated adaptive prisms employing bimorph bending beams for monoaxial and biaxial
beam steering, achieving tilt angles up to ± 3.7° with continuously tuneable optical deflection. Similarly,
Zhang et al. (Zhang et al. 2023) developed a compact 3-DOF piezoelectric micromanipulator using
distributed ceramic plates and cross-beam bending, achieving ~ 99 µm motion range with 15.74 nm
resolution and demonstrating precise non-contact microsphere manipulation. In addition to the above,
Chen and Tian (Chen and Tian 2021) proposed a compact three-DOF flexible nanopositioner based on
unimorph piezoelectric actuators and compliant flexures, offering a low-cost design with relatively large
stroke and simplified construction. Conventional cantilever-type unimorph actuators generally provide
only a single out-of-plane DOF, whereas more advanced configurations, such as L-shaped beam
arrangements and distributed-electrode structures, can realize three or more DOFs (tilting about the X-
and Y-axes and translation along the Z-axis) (Aktakka et al. 2013b) at the expense of increased design
and small fabrication complexity.

In this work, a monolithic piezoelectric stage is designed, fabricated, and experimentally characterized.
The proposed stage consists of a specially designed non-active compliant structure (NCS) fabricated
from brass and eight PZT-5H piezoelectric plates bonded onto the structure with a unique distributed
electrode configuration. The proposed architecture aims to provide multiple degrees of freedom while
maintaining structural simplicity, compactness, and ease of fabrication. The paper is organized as
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follows. At the outset, the conceptual design and finite element analysis of piezo stage is illustrated in
detail. Next, the dimensions of piezoelectric stage, piezoelectric electrode size and junction length are
determined by finite element simulation for uniform tilting and translation. Here, junction length is the
region joining the central square brass plate of the stage and the piezoelectric unimorphs. Finite element
simulation is done in COMSOL Multiphysics software. Furthermore, fabrication of 4-DOF piezo stage is
discussed where NCS is made by end milling and electrode of the piezo plates are patterned by
photochemical machining using UV lithography (Sharma et al. 2023, 2026b). The bonding of NCS with
piezo plates is done at the designated places by silver epoxy to carry out the experiments. Finally,
simulation and experimental results are compared.

2. Conceptual design and finite element analysis of piezoelectric
stage
A new piezoelectric stage with a sigma (σ)-shaped beam actuated by four piezoelectric plates is
proposed. As shown in Fig. 1, the piezoelectric stage incorporates two sigma-shaped beams with a total
of eight piezoelectric plates. Each piezoelectric actuator uses a distributed-electrode configuration to
enable Z-rotation along with X- and Y-tilt and Z-translation, thereby achieving 4-DOF motion. The junction
length plays a crucial role in ensuring uniform motion across all 4-DOF of the piezoelectric stage and is
determined through finite element analysis. The junction refers to the region where the free end of the
sigma-shaped beam connects to the stage, as illustrated in Fig. 1 near Nodes 1 and 4. The dimensions
of the NCS and the piezoelectric plates are optimized for uniform tilting, translation and ease of
fabrication.

An electromechanically coupled finite element model of the piezoelectric stage is developed in COMSOL
Multiphysics. The linear constitutive equations of piezoelectricity are employed to couple the Solid
Mechanics and Electrostatics physics modules for simulating the piezoelectric effect. Quadratic
hexahedral elements are used to discretize both the NCS and piezoelectric plates, and the Lagrange
formulation is applied to define the shape functions of the elements. Mesh refinement test was done to
finalize the element size in the finite element analysis.

3. Fabrication of piezoelectric stage and experimental setup
The fabrication of the piezoelectric stage was carried out in three main steps: i) fabrication of the NCS
from a 300 µm thick brass wafer, ii) patterning of distributed electrodes on the piezoelectric plates using
photochemical machining, and iii) bonding of the piezoelectric plates onto the NCS with conductive
silver epoxy. These fabrication steps are summarized in Fig. 2. The NCS was fabricated by end-milling a
low-roughness (≈ 200 nm RMS) flat brass wafer using a CNC machine. The end-milled brass wafer is
shown in Fig. 3(a). The dimensions of the PZT-5H piezoelectric plates are 30 mm × 5 mm × 0.55 mm (L ×
W × H). The length of the piezoelectric plates matches the length of the piezoelectric stage (30 mm), and
their width is equal to the width of the sigma-shaped beam of the NCS. Distributed electrode patterns on
the piezoelectric plates are created by photochemical machining. For this process, a photomask was
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prepared, and the piezoelectric plates were spin-coated with a positive photoresist (AZ P4620). After
spin coating, the photoresist was baked at 110°C, followed by a 34-second UV flood exposure. The
exposed plates were then developed in AZ400K developer solution and rinsed with DI water. After UV
lithography, the Ag electrode regions were selectively etched using an HNO3 and DI water (1:10 ratio)
etchant for about 5 minutes. The resulting distributed-electrode patterned piezoelectric plate is shown in
Fig. 3(b). Both the NCS and the piezoelectric plates were bonded using silver epoxy (8331-14G, MG
Chemicals, Canada). Copper wires

were attached to the distributed electrodes with silver epoxy to establish electrical contacts. For support,
the piezoelectric stage was mounted on an acrylic fixture, which was placed on an X-Y-Z stage for
characterization. Two DC power supplies were used to actuate the piezoelectric stage, and
displacements were measured using a confocal displacement measurement sensor (IFS 2405-3, Micro-
Epsilon, Ortenburg, Germany). The sensor was calibrated before each measurement for different node
locations of the piezoelectric stage.

4. Results and discussion
First, the effects of junction length and electrode size on the performance of the piezoelectric stage were
investigated. Finite element analysis of the stage was done in COMSOL Multiphysics to compute nodal
displacements for different junction lengths and electrode sizes. The variation of nodal displacement
with junction length for two electrode sizes (14 mm × 2 mm and 12 mm × 2 mm) are shown in Fig. 4. It is
clear from Fig. 4 that the 14 mm × 2 mm electrode size exhibits greater nonuniformity in stage motion
compared to the 12 mm × 2 mm configuration. Furthermore, a junction length of 5.5 mm × 1 mm yields
the minimum error in motion uniformity. At a junction length of 5.5 mm × 1 mm and an electrode size of
12 mm × 2 mm, the X-tilt, Y-tilt, and Z-translation of the piezoelectric stage are measured as 47 µm, 48.8
µm, and 41.8 µm, respectively, at 100 V DC. The Z-rotation is approximately 29.5 µm at 100

V. The static analysis results are shown in Fig. 5, where contour plots visualize the uniformity of surface
displacement for the X-tilt, Y-tilt, Z-translation, and Z-rotation, respectively. The tilting and translation
movements are highly uniform, with a maximum error of less than 1 µm across all nodal combinations
(refer Fig. 5). The piezoelectric stage was fabricated using the process discussed in Section 3, following
the verification of movement uniformity through finite element analysis. After fabrication, the nodal
displacements for the X- and Y-tilts were measured at 100 V using a confocal sensor.

The simulation and experimental results are compared, as shown in Fig. 6. For the X-tilt, nodes N1 and N3

move together, as do nodes N2 and N4. While the simulation results for these pairs are nearly identical, a
significant difference is observed between the experimental and simulated results for nodes N2, N3, and
N4. The experimental displacement of nodes N3 and N2 are quite close to the simulation results, whereas

the experimental displacement of nodes N1 and N3 is nearly 22 µm less than the simulated results.
Similarly, for the Y-tilt, nodes N1 and N2 move together, as do N3 and N4. Again, a deviation between the
experimental and simulation results is observed. Here, the experimental displacements of nodes N1 and
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N4 are close to the simulation results, while the experimental displacement of nodes N2 and N3 is nearly
33 µm less than the simulated results. This deviation in the results is mainly due to the following
reasons; i) Variation in the dimensions and piezoelectric properties of piezo plates and variation in
distributed electrode formed by photochemical machining. ii) The d33 coefficient of piezoelectric plates
are varied from 575 pC/N to 650 pC/N whereas thickness is varied from 0.5 mm to 0.6 mm. The length
and width of the piezoelectric plates are also non-uniform. iii) The overall flatness of the piezoelectric
stage is sacrificed due to the inclusion of silver epoxy at 32 places for making electrical contacts from
the distributed-electrodes. iv) The variation in the epoxy strength of piezoelectric unimorphs which are
used to bond 8 piezoelectric plates over NCS is also responsible for the deviation in same node for X-
and Y-tilt. The deviation between experimental and simulation results can be minimized by addressing
the aforementioned issues associated with 4-DOF piezoelectric stage. The measurement of Z- rotation
could not be done due to the unavailability of resources. In this paper, a novel 4-DOF sigma shaped
piezoelectric unimorphs based piezoelectric stage is conceptualized. The performance of X-tilt, Y-tilt, Z-
translation and Z-rotation is quite encouraging due to its relatively simple manufacturing technique.
Unlike L shaped beam with T cross section of Aktakka et al. (Aktakka et al. 2013b, a) we have proposed a
novel sigma shaped beam with rectangular cross section which has greatly reduced the difficulties
associated with the manufacturing of piezoelectric stage. The disadvantage lies with the non-availability
of X- and Y-translations. Although in the current design the performance of X- and Y-translations is not
impressive but there lies a strong possibility of further optimization of sigma shaped piezoelectric
unimorphs for 6-DOF piezoelectric stage.

5. Conclusion
A novel 4-DOF piezoelectric stage is conceptualized, simulated, fabricated and characterized. The 4
DOFs are X- and Y-tilt, Z-translation and Z-rotation. The monolithic piezoelectric stage with distributed
electrode-excitation is fabricated and tested. Nearly 45 µm displacement is achieved at 100 volts DC for
X- and Y-tilt and Z-translation. The Z-rotation is 29.5 µm at 100 volts DC. At few places the experimental
results are not in good agreement with the simulations results. The reasons of discrepancies are mainly
attributed to dimensional variation in piezoelectric plates, difference in piezoelectric properties from
plate to plate and extensive use of epoxy and associated variation in strength and flatness.
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Figure 1

An isometric image of 4-DOF sigma (σ) shaped piezoelectric stage.

Figure 2
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Flowchart showing the fabrication processes associated with NCS and piezoelectric plates of
piezoelectric stage.

Figure 3

(a) An end-milled NCS from 300 µm thick good quality brass wafer, (b) piezoelectric stage carries an
inset image of piezoelectric plate made by photochemical machining.
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Figure 4

Nonuniformity in nodal displacement with respect to junction length at two electrode size (14 mm × 2
mm and 12 mm × 2 mm).
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Figure 5

Contour plots showing the surface displacement of the 4-DOF piezoelectric stage when distributed
electrode are excited at 100 volts DC: (a) X-tilt, (b) Y-tilt, (c) Z-translation and (d) Z-rotation.
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Figure 6

Comparison of experimental and simulation results for; (a) X-tilt and (b) Y-tilt. The comparison for all
nodes is made
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