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1. Introduction

Micro-scale devices based on MEMS have various advantages, 
such as their small form factors, low cost from batch process, 
and nano-meter level resolution [1–4]3,4. These strengths 
have made MEMS-based systems attractive in various appli-
cations, such as micro-assembly [1], manipulation  [2], and 
metrology  [3]. However, many MEMS fabrication methods 
can only realize planar designs and hence have limited opera-
tions. Multiple degrees-of-freedom (DOF) motion or a com-
bination of in-plane motions and an out-of-plane motion are 
still difficult to implement or require considerable efforts in 
their design process and fabrication process [2, 4]. In contrast 
to MEMS motion stages, the typical approach used in conven-
tional meso-scale motion stages is to stack up multiple stages 
to generate various motions3,4. In this case, existing designs 
or stages can be reused, which can not only save the total 

design process time, but also provide predictable reliability. 
However, this method is difficult to utilize with MEMS; the 
manual stacking-up operation can damage MEMS devices or 
provide relatively poor accuracy and huge errors. Moreover, 
the electric connection to the devices which are stacked on 
others is also challenging. Due to these reasons, it is rare to 
find MEMS-based motion stages utilizing stacking-up or 
embedding approaches.

Many MEMS motion stages have been developed for two 
or three DOF motion, especially for the combination of in-
plane translational and in-plane rotational motions [5–7], 
but MEMS stages for three-axis motion or XYZ motion are 
not common [8–10]. The main reason for this is that the dif-
ference in design and fabrication between the out-of-plane 
motion (called a Z-motion) and the in-plane motions (called 
an X-motion or a Y-motion) is too large to combine them 
together. In order to overcome this issue, additional efforts 
and fabrication methods have been tried; the focused ion beam 
(FIB) milling for the out-of-plane slope [8], wafer bonding for 
parallel plate type electrostatic actuation [9], or silicon-on-
insulator (SOI) wafer for a dual layer [10] were used for the 
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Z-motions. With these approaches, researchers have achieved 
various ranges of motion, as listed in table 1. These results 
indicate that the resulting Z-motions are considerably smaller 
than X- or Y-motions and relatively high driving voltages are 
needed to realize them. This smaller Z-motion comes from 
the structural difference between in-plane structures and out-
of-plane structure in MEMS fabrication methods. The high 
driving voltages are not compatible with common electric cir-
cuits and attracting dust easily results in electrical shorting of 
circuits. Based on the limitations in MEMS three-axis motion 
stages, it is beneficial to develop a three-axis motion stage 
having larger displacements than existing designs with less 
effort and time in development.

In this paper, the design, fabrication, and test of a MEMS-
based three-axis or three-DOF positioning stage (called an 
XYZ stage) is presented by utilizing a nested structure. The 
nested structure is the integration method through nesting a 
chosen Z stage into a selected Y stage which is also embedded 
into an X stage. In order to implement this approach efficiently, 
two one-DOF stages are carefully selected from existing 
stages; two in-plane motion stages for the X stage and the Y 
stage and one out-of-plane motion stage for the Z stage. The 
chosen X stage consists of a bent-beam type electrothermal 
actuator and a moving plate and the Y stage is identical to the 
X stage, but its orientation is orthogonal to the X stage. The 
moving plates are utilized to embed an independent device 
for the nested structure. In this case, the nested structure 
can be implemented by embedding the full Z stage into the 
moving plate of the Y stage and embedding this Y stage onto 
the moving plate of the X stage. The Z stage is based on the 
buckling effect [11], which generates larger displacement than 
bi-morph type actuators [12, 13] with the same foot prints. All 
three motion stages are chosen for their fabrication processes 
compatibility to each other. The integration strategy for the 
nested structure, basic principles, numerical analyses for the 
chosen stages and actuator, and the experimental results are 
discussed in the following sections. For the successful opera-
tions of the XYZ stage, additional supporting frames, blocks 
and embedded electric paths are also introduced and described 
in detail in this paper.

2. Design of the three-DOF motion stage

The presented XYZ stage is designed to generate transla-
tional motions along the X, Y, and Z axes. For the three-DOF 
translational motions, at least three independent single DOF  

actuators or actuating mechanisms are required. Since this 
study focuses on utilizing existing designs, appropriate in-
plane and out-of-plane one-DOF motion stages are selected 
from previous designs. The conceptual designs of the chosen 
systems are shown in figure  1; figure 1(a) for the X stage, 
figure 1(b) for the Y stage, and figure 1(c) for the Z stage. The 
X and Y stages are composed of one bent-beam type electro-
thermal actuator, four links, and one moving plate [14–16]. 
Two of four flexure links for each of the X and Y axes stages are 
used as a lever for large stroke. The actuator actuates the levers 
which amplify the displacement of the moving plate. The fabri-
cation of the X stage and the Y stage is based on the SOI multi-
user multi-processes (SOI-MUMPs) for SOI wafers [17] and 
generates the force of more than 45 mN and the displacement 
of 50 µm [16]. The Z stage is also chosen from existing designs 
[18, 19] and generates 25 µm [18] to 80 µm [19] displacements 
depending on the designs reported in the papers.

The integration strategy for the three independent stages 
described above is schematically shown in figure 1 [20]. The 
moving plate of the X stage is utilized to embed the Y stage, 
which is also designed to contain the Z stage as shown in  
figures 1(a), (b) and (c). The expected merged shape is shown 
in figure 1(d). This approach is called the nested structure, 
through which the XYZ stage can be built. Both ends of the 
bent-beam type electrothermal actuators in the XYZ stage 
should keep a same gap during their operations for efficient 
performance. To meet this requirement, a floating frame is 
introduced. This floating frame is attached to the bottom of the 
actuator and stiff enough to hold both ends of the actuator in 
their position firmly. This frame also should be free to move in 
order not to prevent any motion generated by the XYZ stage. 
For this purpose, a dual layer approach is utilized through SOI 
wafers in this study; SOI wafers are bi- or triple-layer struc-
tures. If the XYZ stage is built on the top layer of the SOI 
wafers and the floating frame is made of the bottom layer of the 
SOI wafers, then additional bonding process can be avoided, 
since the two layers are already attached to each other.

The X stage, the Z stage, and additional features like the 
floating frames are explained in the following section sepa-
rately. Since the Y stage is identical to the X stage, the X 
stage only is discussed. These explanations include working 
principles, basic analysis, and finite elements analysis (FEA) 
results. There is no modification or significant change made in 
the chosen X stage [16] except the moving plate size and the 
floating frame; the moving plate is adjusted to embed the other 
device without any lack of space. The Z stage is composed of 
one shaft and the actuator used for the Z-motion stage [18].

Table 1. 3 DOF MEMS-based positioning stages.

Reference

Range of motion

Features

X-axis Y-axis Z-axis

Motion
( µm)

Voltage
(V)

Motion
( µm)

Voltage
(V)

Motion
( µm)

Voltage
(V)

[8] 1.1 100 1.1 100 1.1 100 FIB milling
[9] 25 30 25 30 3.5 14.8 Wafer bonding
[10] 19 100 19 55 2.12 200 SOI wafer
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2.1. The X stage and the Y stage

The X stage is composed of a bent-beam type electrothermal 
actuator, one moving plate, and four links [14]. The schematic 
diagram of the X stage is shown in figure 2, where the arrows 
stand for the expected direction of motion, the circles repre-
sent rotational flexure hinges as compliant mechanisms, and 
the solid lines for rigid links. The four links support the four 
corners of the moving plate, so the moving plate can be fully 
constrained. The two of the four links work as a lever which 
transfers the displacement to the moving plate with the ampli-
fying ratio of 1:10. Due to this lever, the motion direction of 
the moving plate is opposite to that of the actuator. The details 
about the X stage are described in the previous study [15].

In the X stage, the combination of the moving plate and the 
actuator can be regarded as the combination of springs in a 
parallel configuration. In this case, the expected displacement 
of the moving plate can be expressed [16] as:

=  
+

U
F

K K
,plate

actuator

actuator plate
 (1)

where the subscript ‘plate’ indicates the moving plate and the 
subscript ‘actuator’ means the electrothermal actuator. The 
term U stands for displacement, F for force, and K for stiff-
ness. Each term in equation (1) can be expanded as:
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where, Cz is the compliance of the rotational flexure hinge, n 
is a lever ratio, and m is the number of the links. The details 
and dimensions for other terms are explained in table 2.

The temperature rise is the average temperature rise 
from the room temperature of 20 °C and is the maximum 

temperature rise in the actuator. In this case, temperature rise 
can be expressed based on the material properties of silicon 
[23] as:

Δ
ρ

Δ= =T
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where V is a voltage applied to the actuator, k is the thermal 
conductivity of silicon, and ρ is the resistivity of silicon. Their 
material properties are cited from the previous research [16]. 
Based on equations (2)–(5), equation (1) can be written as:
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where each design parameter is explained with its dimension 
in table 2. From equation (6), the output displacement of the 
moving plate is expected to be a linear function of the average 
temperature rise in the actuator. With equation (5), equation 
(6) can be expressed as:

α θ
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 (7)

Equation (7) shows that the displacement of the moving plate 
is also proportional to the square of the driving voltages, which 

Figure 1. The integration strategy for the XYZ stage: (a) the X stage; (b) the Y stage; (c) the Z stage; (d) the integration of (a), (b) and (c) 
for the XYZ stage.

Figure 2. The schematic diagram of the X stage.
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is similar to the findings of previous electrothermal actuator 
studies [21, 24]. This property can be utilized to reduce the 
coupled motion errors in the experimental section to control 
the moving plate precisely.

The maximum displacement of the moving plate is deter-
mined by a structural failure or a maximum reliable tempera-
ture of silicon. Since the structural limit is well described in 
the previous study [16], the temperature limit only is discussed 
in this paper. Above the temperature limit, plastic deformation 
initiates in silicon. Various temperatures have been reported 
for this limit; 550 °C [25], 600 °C [26], or 900 °C [27]. The 
lowest value among them is selected as the maximum tem-
perature limit in this study for a reliable operation. The room 
temperature is measured as approximately 20 °C and the max-
imum temperature change (ΔTmax) is set to be 530 °C.

Based on the above temperature limit, the design parame-
ters listed in table 2 and the material properties of silicon [16], 
the mechanical behavior of the X stage is calculated in FEA. 
For this FEA, the ends of the rotational flexure hinges and the 
bottom side of the moving plate are assumed to connect to a 
heat sink at room temperature for its thermal boundary condi-
tion. The maximum allowable temperature of 550 °C is applied 
to the actuator as an external thermal excitation to calculate its 
displacement. The corresponding mechanical behavior of the 
X stage is shown in figure 3(a) generating the displacement of 
62.7 µm larger than the maximum displacement of the X stage. 
When the X stage is stable under this large displacement, the 
stage will be reliable within its maximum displacement. The 
calculated stress, in particular the von Mises stress, is almost 
zero over most of the area of the stage except for the rotational 
flexure hinges, which have a stress of 1.47 GPa. This stress 
distribution pattern indicates that most of the deformation 
occurs in the rotational flexure hinges and plastic deformation 
is hardly expected with the yield strength of 6–7 GPa. This 
result fits well with the response of the X stage, though not 
the Y stage, because the Y stage is located inside the moving 
plate of the X stage and has different thermal and structural 
boundary conditions.

The expected mechanical behavior of the Y stage is shown 
in figure 3(b). This FEA is also based on the same test con-
dition applied to the X stage. The calculated maximum 

Table 2. Design parameters in the X stage, the Y stage and the Z stage.

Symbol Design parameter Values

W Beam width 23 µm
θ Beam angle 3°
L Beam length 1000 µm
L1 Link length 1000 µm
T Beam thickness 30 µm
b Number of beams 15
α Coefficient of thermal expansion 2 × 10−6

Cz The compliance of the rotational flexure hinges 7.52 Nm µrad−1

E Young’s modulus of silicon 169 GPa
k Thermal conductivity 50 µm
m Lever ratio 10
I Area moment of inertia –
ρ Resistivity of silicon 2 × 10−3 Ω cm
ΔTave Actuator average temperature –
ΔTmax Actuator maximum temperature <530°C
Uplate Platform displacement 45–60  µm
V Driving voltage 1–8.5 V
e The notch depth for the Z stage 7.5  µm
Lz Beam length for the Z stage 1000  µm
P, P’ Eccentric load in the Z stage –
Lw Beam width for the Z stage 33 µm

Figure 3. Mechanical response to FEA with actuator temperature 
rise of 530 °C: (a) the X stage with a displacement of 62.7 µm (unit 
in µm); (b) the Y stage with a displacement of 49.4 µm (unit in µm).
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Y-S Kim et al

5

displacement of the Y stage is 49.1 µm, which is smaller than 
the X stage. This FEA shows that this difference comes from 
the structural boundary conditions; the bent-beam type elec-
trothermal actuator and the pivots in the lever require firmly 
fixed anchors at its ends for efficient operation. However, the 
Y stage is supported by the floating frames to avoid any inter-
ference with the motion of the X stage. This floating frame is 
the thick block underneath the Y stage, which is not a perfect 
rigid body and not capable of holding the pivots in their posi-
tion without any minor deformation. In this case, some amount 
of force generated by the electrothermal actuator will be used 
to deform the floating frame. Thus this difference results in a 
shorter stroke than the X stage as simulated using FEA.

2.2. The Z stage

The Z stage is selected from out-of-plane electrothermal actua-
tors [18, 19], which is made up of four flat beams and one shaft 
rod. Each beam consists of one flat beam and two notches as 
shown in figure 4(a). The two notches are located near both 
ends of the beam and lead to a pop-up motion in the Z stage. 
When the electric current flows through the beam, Joule 
heating causes thermal expansion of the beams. This thermal 
expansion can be regarded as a repulsive force P from both 
its ends. The line the repulsive force P is applied has a dis-
tance from the central line of the beam with e as indicated in 
figure 4(b). Lz in figure 4(b) is the total length of the beam and 
its dimension is in table 2. Due to the notches, this repulsive 
force P generates an eccentric load. This eccentric load P can 
be expressed as a combination of a beam center line load P and 
a bending moment M whose converted free-body diagram is 
shown in figure 4(c). This diagram indicates that the eccentric 
load bending moment can be utilized to generate the out-of-
plane motion of the beam. In this case, the deformation profile 

at pre-buckling mode or pure thermal expansion mode can be 
expressed [28] based on a fixed-fixed boundary condition as:
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where, I is the area moment of inertia of the beam and the other 
terms are listed in table 2. This thermal expansion by the bending 
moment M generates a smaller stroke than the X stage and this 
result makes the expected workspace look like a thin pizza box. 
Many commercially available XYZ stages have tried to provide 
a workspace close to a cubic-shape for more convenience5. In 
order to generate a more practical workspace in MEMS, the 
range of motion of the Z stage needs to be close to that of the 
X stage. For this purpose, the chosen Z stage utilizes a buck-
ling [19]. The buckling is also called a wrinkling and commonly 
occurs in thin plate or long slender beams [28, 29]. Since the two 
notches already determine the deformation direction, this buck-
ling accelerates this deformation without changing its direction.

The mechanical behavior of the Z stage is composed of three 
different modes as described in figure 5; the pre- buckling, the 
post-buckling, and the plastic deformation. The pre-buckling 
mode is the bending moment by pure thermal expansion of 
the beams at early stage. The thermal expansion of the beam 
is the main thrust to generate a few micro meter motions with 
low voltages. Above the critical voltage, the beam starts buck-
ling and the post-buckling mode begins. In this mode, the out-
of-plane displacement accelerates rapidly. This mode will be 
used in the XYZ stage to generate large displacement. Above 
the post-bucking mode, the plastic deformation mode starts, 
which damages the beams. The deformed beams are not able to 
return to their original positions and show different mechanical 
behaviors, so these beams cannot be utilized again. In order to 
prevent this plastic damage, the available driving voltage range 
should be carefully chosen within its elastic range.

The FEA is utilized to better understand the mechanical 
behavior of the Z stage. Figure 6 shows the expected struc-
tural response to the external excitation for the temperature 
of 550 °C in the actuator for pre-buckling mode. This result 
shows that the notches guide the Z stage well to generate a 
popping up motion. The moving plate of the Y stage does not 
show any structural deformation indicating that the floating 
frame in the moving plate performs its duty well. For stress 

Figure 4. The design of the Z stage; (a) the side view; (b) a free-
body diagram of (a); (c) the converted free-body diagram of (b) (Lz: 
beam length, P: repulsive force, M: a bending moment, e: eccentric 
distance from the central line).

Figure 5. The mechanical behavior of the Z stage in an experiment.

5 Physik Instruments P-611.3 NanoCube XYZ Piezo Stage www. 
physikinstrumente.com/en/products/prdetail.php?sortnr=201700
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distribution analysis an external excitation is applied to the 
actuator to generate an out-of-plane motion of 30 µm. For 
this displacement the von Mises stress distribution over the 
Z stage is calculated. This value is less than 1.5 GPa and its 
maximum occurs inside the notches. The expected maximum 
displacement of the Z stage is less than 22.91 µm, so this stress 
distribution implies that no structural failure is expected in the 
Z stage with the displacement of 22.91 µm.

3. Fabrication

The main fabrication process of the presented XYZ stage follows 
the SOI-MUMPs [17] and uses SOI wafers as a starting mate-
rial. One more partial etching step was added to the SOIMUMPs 
for the fabrication of the notches in the Z stage. The SOI wafer 
selected for the XYZ stage is composed of a 30 µm thick device 
layer, a 400 µm thick handle layer, and a 2 µm thick buried oxide 
layer. The main processes consist of one metal deposition step 
and three etching steps. The first step is the metal deposition of 
four layers for electrical connections; 100 nm of chrome, 2 µm 
of copper, 100 nm of  titanium, and 0.2 µm of gold. This metal 
deposition is relatively thicker than conventional metallization 
for reliable electric connection, since the Z stage and the Y stage 
have longer electrical paths in the nested structure. The second 
step is to build the main device shown in figure 7(a) onto the 
device layer through deep reactive ion etching (DRIE). The 
third step is to etch the notches in the Z stage by partial DRIE. 
The fourth step is to etch the additional structures in the handle 
layer indicated by A, B, C, and D in figure 7(d). After a series of 
three etchings, the buried oxide layer is removed to release the 
Y stage and the Z stage. Details for each step are explained in 
 SOI-MUMPs [17] and the cited studies [14–16, 18, 19].

Based on the fabrication processes described above, the 
XYZ stage can be successfully implemented. The frontal 
views of the fabricated main devices are shown in figure 7(b). 
This image was taken inside an SEM. In figure 7(b), the 
bright white color indicates the metal layer and the gray area 
silicon. In the middle of figure 7(b) is the Z stage. A zoom-
in of this image provides a better view of the Z stage shown 

in figure 7(e) where a probe is embedded on the middle 
of the Z stage for manipulation applications. A detailed 
view of the electric connection over the rotational flexure 
hinge is also shown in figure 7(f). As shown in figure 7(e),  
the Z stage is surrounded by the Y stage, which is also sur-
rounded by the X stage shown in figure 7(b). These images 
show the cascaded pattern in the nested structure clearly.

For successful implementation of the nested structure, three 
features are added: the floating frames, the remote electric access, 
and electrical isolation among the X, Y, Z components of the 
system. The floating frames are built from the device layer or the 
bottom layer of a SOI wafer as indicated by A and B in figure 7(d).  
The floating frame A holds the Y stage in its position and sup-
ports both ends of the actuator in the Y stage and the floating 
frame B supports the Z stage for proper operation. Both frames 
are free to move along the X or Y axes to avoid any interference 
with the X or Y stages. This is because the electrothermal actua-
tors used in the Y stage and the Z stage need anchors for their 
proper operation, which is contrary to electrostatic actuators.

Remote electrical access to the Y stage and the Z stage is 
also important and requires additional features. Conventional 
wire-bonding machines utilize a few mg level forces to bond 
the wires on the metal pads. This amount of force can damage 
the Y stage or the Z stage which are suspended from the X 
stage. In addition to this problem, the stiffness or the shape of 
the wire itself can distort the motion of the target stages [30]. 
In order to overcome these constraints, the deposited electric 
connection is adapted to connect the Y stage and the Z stage 
with the external electrical power source available for conven-
tional wire-bonding. These electric paths are deposited on the 
device layer during the fabrication and shown in figures 7(a),  
(b), (e) and (f). This electric path is also connected over the 
rotational flexure hinge as shown in figure 7(f).

The electrical isolation among the stages is also necessary 
to reduce the coupled motion error from any electrical cur-
rent leaks. For this electric isolation, trenches surround the 
electrothermal actuator as shown in figure 7(a) or figure 7(b). 
These trenches are physical gaps on the device layer and force 
the electric current to flow to the designated actuator only. The 
floating blocks C and D hold the trenches in the X stage and 
the Y stage, respectively. These floating supporting blocks are 
made of the handle layer in the SOI wafer, which skips addi-
tional processes like wafer bonding or multi-layer deposition 
and saves the total process time.

4. Experimental characterization of the MEMS 
three-axis stage

4.1. The range of motion

The maximum range of motion of the fabricated XYZ stage is 
experimentally measured. For the experimental settings, three 
DC power supplies (Agilent Model 3322A6) are connected to 

Figure 6. The mechanical response of the Z stage to the temperature 
rise of 530 °C as an external excitation.

6 Certain commercial equipment is identified in this paper to adequately 
describe the experimental procedure. Such identification does not imply 
recommendation or endorsement by the National Institute of Standards and 
Technology nor does it imply that the equipment identified is necessarily 
the best available for the purpose.
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the XYZ stage as an electric source. When the operator con-
trols the three supplies, the corresponding behaviors from the 
XYZ stage are measured with an optical profiler (VEECO 
NT11006,7). The optical profiler is adjusted to have the in-
plane resolution of 1 µm and the vertical resolution of 0.1 µm, 
which are the minimum available resolution in this paper. The 
XYZ stage is designed for large displacement and decoupled 
motions. When the control to the X stage generates a certain 

predictable pattern in the Y stage after enough repetition, this 
can be regarded as a coupled motion error. Various factors 
such as fabrication defects, asymmetric design, or thermal 
energy leaks can have an impact on this coupled motion error.

Three experiments were performed to measure the displace-
ment of the designated motion and the corresponding coupled 
motion errors for the X stage, the Y stage, and the Z stage sepa-
rately. The experimental results are plotted in figure 8(a) for the 
X stage, figure 8(b) for the Y stage and figure 9(a) for the Z 
stage. In order to verify equation (9), these plots show the trend 
lines and use V2 for their X-axes. The trend lines in figures 8(a), 

Figure 7. Fabricated XYZ stage: (a) close-up view of the actuator in the X stage; (b) frontal view of the XYZ stage; (c) floating block C  
in the backside of (a); (d) backside view of the XYZ stage for the floating frames and floating blocks; (e) zoom-in view of the Z stage 
and the moving plate of the Y stage; (f) deposited electrical connectivity wire paths over the flexure link (left) and the rotational flexure 
hinge (right).

7 DMEMS Dynamic MEMS Measurement Option for Wyko NT1100 Optical 
Profilers www2.veeco.com/pdfs.php/396
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(b) shows that the mechanical behaviors of the X stage and the 
Y stage are proportional to the square of the driving voltage (V2) 
as described in equation (9). This indicates that the mathematical 
analysis in the previous section is valid to predict and control 
the stage’s motions. There is still a small difference between the 
trend line and the real experimental data. One main reason for 
this is material properties used in equation (9); most material 
properties of silicon are nonlinear and temperature dependent, 
but equation (9) is based on constant material properties.

Figures 8(a), (b) also indicate that both the X stage and the 
Y stage are able to generate about 50 µm for driving voltages of 
7.62 and 8.0 V, respectively. Between them, the X stage dem-
onstrates more than 60 µm displacement. These results fit well 
with the expected behavior from FEA in the previous section. 
Concerning the coupled motion error, when the X stage or the 
Y stage is in operation, the Z stage shows random motions with 
less than 1 µm amplitude. These motions do not show any pat-
tern and a motion with the amplitude of less than 1 µm is small 
enough to be negligible in the XYZ stage, so it is difficult to 
regard them as coupled motion errors. Based on this observa-
tion, the coupled motion errors related to the Z stage can be 
considered insignificant. However, the X stage shows a repeat-
able motion pattern when the Y stage is in its operation as 
shown in figure 8(b). This pattern can be regarded as coupled 
motion error. The main reason for this coupled motion error is 
that the temperature rise in the Y stage affects the temperature 
of the actuator in the X stage and comes from thermal energy 
leak, not structural coupling. However, the heat generated in 

the X stage is well dissipated to the heat sink near the actuator 
of the X stage, not affecting its coupled motion error substan-
tially. The Z stage is also close to the Y stage, but its coupled 
motion error is insignificant. This is because the form factor 
of the Z stage is relatively smaller than the others and the Z 
stage utilizes a different working principle: buckling. Detailed 
performance data are presented in table 3.

The displacement of the Z stage is plotted in figure 9(a), 
which shows different mechanical behaviors from the actuation 
of the X stage or the actuation of the Y stage. This is because 
the actuation of the Z stage operates based on the buckling of 
the beam, not thermal expansion of the bent beams. The pre-
buckling mode or bending moment by pure thermal expansion 
produces the displacement of 1.25 µm with the driving voltage 
of 8.25 V and the post-buckling mode shows an increment up to 
22.91 µm with the voltage of 12.01 V. Since this post-buckling 
mode will be used in the XYZ stage, this post-buckling mode 
is plotted separately in figure 9(b) with its trend line and the 
corresponding coupled motion errors. The slope of the pre-
buckling mode is 0.15 µm V−1 and that of the post-buckling 
mode is 6.76 µm V−1. This big difference indicates not only how 
the buckling is useful in its stroke, but also when the buckling 
starts. Over the post-buckling mode, the plastic deformation 
starts with approximate 12 V after several tests, so the Z stage 
needs to be operated within the driving voltage range between 

Figure 8. Experimental results of the X stage and the Y stage motion: 
(a) when the X stage is actuated; (b) when the Y stage is actuated. Figure 9. Experimental results of the Z stage displacement in the 

XYZ stage: (a) when the Z stage is actuated; (b) the post-buckling 
mode of (a). (The results from actuating the X stage are in blue 
dots, the results from actuating the Y stage in red dots and the 
results from actuating the Z stage in red crosses.)

J. Micromech. Microeng. 24 (2014) 075009
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8.25 and 11.78 V to utilize the buckling effect efficiently and 
assure reliable operations to avoid any plastic deformation.

Detailed values for the maximum displacements and the 
corresponding coupled motion errors are listed in table 3. The 
coupled motion error in the X stage by the Y stage is rela-
tively bigger than other factors and needs to be reduced. The 
compensation algorithm is adapted in the following section in 
order to reduce these coupled motion error.

4.2. Compensation for reducing coupled motion errors

The coupled motion error of the X stage by the Y stage must be 
reduced to an acceptable level. As described in equation (7), 
the displacement of the moving plate is linearly proportional 
to the square of the driving voltages. This property indicates 
that the superposition of the actuators rising temperature can 
be expressed as a summation. The whole response of the XYZ 
stage can be expressed by the combination of the driving 
 voltages as:
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Based on equation (9), the expected displacement from the 
XYZ stage can be calculated according to the input voltages. 
Each term in the matrix in equation (9) is extracted from the 
slopes of the trend lines in figures 8 and 9. The offset applied to 
the Z stage is for excluding the pre-buckling mode and utilizing 
the post-buckling mode only for a straightforward control. One 
thing to notice is that the matrix in equation (9) is not a diagonal 
matrix. This means that the coupled motion error is observable 
at the X stage while the Y stage is in its operation. This cou-
pled motion error can be compensated by controlling the input 
voltage to the X stage which corresponds to the input voltage to 
the Y stage. This compensation is described in equation (10) as:
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where the Xoff is the x-directional offset and Voff is the corre-
sponding input voltage to reduce the coupled motion error. The 

relationship for Voff is =V V0.294off y and its maximum value 
is 2.75 V for the maximum Xoff of 4.92 µm. Based on these 
terms, the coupled motion error can be reduced. However, the 
electrothermal actuators in the XYZ stage are not bi-direc-
tional actuators, so it is impossible to actuate the stage in a 
reverse direction for this compensation. In order to overcome 
this issue, the offset will be utilized when a backward motion 
is needed for the compensation operation. Due to the offsets, 
the maximum displacement of the X stage will be reduced to 
53.98 µm from 58.90 µm.

The matrix in equation (9) can be expressed as its inverse 
form as equation (10). The appropriate input voltages can be 
calculated for the desired position information based on equa-
tion (10).
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Figure 10 compares the original experimental data with this 
compensation based on equation (11). With this compensa-
tion, the X stage remains at its designated position with less 
than 1 µm variation while the Y stage generates motions up to 
49.15 µm.

4.3. The frequency response of the proposed XYZ stage

The frequency responses of the XYZ stage are measured sepa-
rately for in-plane motions and out-of-plane motions. For the 
X stage and the Y stage, an Agilent6 fast-fourier-transform 
(FFT) analyzer with the frequency response measurement 
method [31] is used. With this experimental set-up, the first 
resonance frequency of the X stage is observed near 0.51 kHz 
and the Y stage is 1.06 kHz. These values are similar to those 
in their original XY stage [16] as expected. In addition, the 
first frequency of the X stage is half of that of the Y stage. This 
comes from the design difference between the X stage and the 
Y stage; the X stage supports both the Y stage and the Z stage, 

Table 3. The maximum displacements and the coupled motions of 
the XYZ stage without compensation.

Actuation

Coupled motion error without  
compensation

X stage Y stage Z stage

Target
Displace-
ment

Displace-
ment

Displace-
ment

Displace-
ment

The X stage 58.90 µm – <0.98 µm 0.32 µm
The Y stage 49.15 µm 4.92 µm – 0.17 µm
The Z stage 22.91 µm <0.98 µm <0.98 µm –

Figure 10. The compensation of the coupled motion error in the X 
stage by the motion of the Y stage; the red dots are for the original 
motions and blue dots for the compensated motions.
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but the Y stage holds the Z stage only. This difference from the 
nested structure results in different mass which is not unusual 
in a serial kinematic mechanism (SKM). In order to overcome 
this property, the stiffness of the X stage and the Y stage need 
to be re-designed. The stiffness can be calculated analytically 
from equation (3) and equation (4). Another approach to over-
come this limit is to utilize the parallel kinematic mechanism 
(PKM), where two identical X stages which are perpendicular 
to each other are connected for the in-plane motions4 [5]. 
However, PKM makes its output tightly coupled, which needs 
a non-linear mathematical model to obtain its relationships 
between the input voltages and the output displacements. This 
requires considerable design effort to build the mathematical 
model and preprocessing time before each operation.

For the Z stage, a Polytec MSA-500 Micro System 
Analyzer6,8 is adapted for out-of-plane responses. With this 
equipment, the first frequency response of the Z stage is 
observed at 78.7 kHz. This value is very close to a single Z 
stage [19], because the Z stage used in the XYZ stage does not 
have significant difference from the adapted design.

Based on the observation on the frequency responses, the 
presented XYZ stage is appropriate for the operations with 
the speed of less than 100 Hz and forces larger than a few mN 
level. These specifications indicate that the presented stages 
are desirable at micro-manipulation for micro-assembly or 
cell-manipulation.

4.4. The characteristics of the proposed XYZ stage

The range of motion and the frequency response of the pre-
sented stage are analyzed in the previous section. The pre-
sented stage demonstrates relatively larger strokes, especially 
for the Z-motion than the stages in table 1. This indicates the 
usability of the nested structure design to merge the three 
independent stages into one without significant interference. 
In addition to this, no special fabrication methods are needed. 
This is because an appropriate Z stage can be chosen without 
design constraints or fabrication limitations from the other 
engaged stages in the nested structure design.

Based on these features, the presented stage in this study 
can be regarded as a good candidate for the environment 
requiring a displacement larger than 50 µm, a force larger than 

1 mN, a stiffness of more than 100 N m−1, a driving voltage of 
less than 20 V, and a reliable operation at low frequency less 
than 500 Hz. As listed in table 4, the nano-positioner designed 
for probe-storage applications should generate large strokes 
and be stable against any external disturbance [32]. The nano-
positioner designed for AFM applications has to operate 
at high frequency [33]. The micro-gripper needs to be stiff 
and able to generate enough displacement at low frequency 
[34]. Based on these features, micro-manipulation or micro-
assembly can be reasonable applications for the presented 
stage, which does not require high speed operation, but large 
force and displacement. Two two-DOF motion stages with 
probes are reported to grip and rotate a particle of 14.8 µm 
diameter successfully [16]. These operations can be extended 
with the presented XYZ stage for more delicate operations. 
The cooperation of three two-DOF stages are reported for six-
DOF motions in MEMS [35], which also can be implemented 
by two XYZ stages presented in this study.

5. Conclusions

In this paper, we have demonstrated design, fabrication, and 
testing of the MEMS based XYZ stage. The presented XYZ 
stage is designed and built by merging three individual stages 
through the nested structure. With this approach, three-DOF 
motions are obtained with tens of microns of strokes. This 
implementation shows that utilizing existing MEMS actua-
tors, instead of developing totally new designs, can be one 
way to develop a device with various advantages, such as 
reduction in the design process time and expected risks.

For successful implementation of the XYZ stage, sev-
eral additional features were required and incorporated: (a) 
the embedded electric connection to control the Y stage and 
the Z stage inside the X stage reliably; (b) the electric iso-
lation among three stages to prevent any motion error by 
leaking electrical currents; (c) the floating frames to hold 
the embedded Y and Z stages in their positions for accurate 
motions; and (d) the floating blocks to hold the electrothermal 
actuators in their positions for efficient operations. With these 
features, the presented XYZ stage demonstrates successfully 
the range of motion of 53.98 × 49.15 × 22.91 µm along X, Y, 
and Z axes respectively. During this demonstration, the cou-
pled motion error is observed but can be reduced to less than 
1% with the presented compensating algorithm.

Table 4. MEMS-based positioning stages in specific cases.

Reference

Range of motion 
(µm)

1st mode resonant 
frequency (Hz)

Stiffness 
(N m−1)

Force 
(mN) Actuation mechanism and applicationsX Y X Y

Lantz et al 2007 [32] ±60 ±60 185 210 90.5 ~10 Electromagnetic actuator
Probe-storage

Fowler et al 2012 [33] 16 15 816 820 – – Electrostatic actuator 
AFM scanning

Duc et al 2008 [34] 17 11 – – 74 0.814 Polymer actuator 
Micro-gripper

This study 53.98 49.15 510 1060 900 ~4.5 Electrothermal actuator

8 Polytec MSA-500 Micro System Analyzer www.polytec.com/us/products/
vibration-sensors/microscope-based-systems
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The nested structures for the XYZ stage prove its useful-
ness to achieve design goals with low cost and high reliability 
by merging already existing MEMS systems. When their fab-
rication methods are compatible with others, other various 
MEMS devices are possible; instead of the Z stage, a micro-
gripper can be embedded onto the motion platform of the Y 
stage. This approach can provide a pick-move-and-release 
operation through the combination of the XY stage and the 
micro-gripper without significant design process and effort.
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