
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 129.6.33.137

This content was downloaded on 07/07/2016 at 01:06

Please note that terms and conditions apply.

Design of a MEMS-based motion stage based on a lever mechanism for generating large

displacements and forces

View the table of contents for this issue, or go to the journal homepage for more

2016 J. Micromech. Microeng. 26 095008

(http://iopscience.iop.org/0960-1317/26/9/095008)

Home Search Collections Journals About Contact us My IOPscience

iopscience.iop.org/page/terms
http://iopscience.iop.org/0960-1317/26/9
http://iopscience.iop.org/0960-1317
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


1 © 2016 IOP Publishing Ltd Printed in the UK

1. Introduction

Micro-electro-mechanical system (MEMS)-based motion stages 
have been used in various application fields like metrology [1], cell 
manipulation [2, 3], micro-assembly [4], and optical scanning [5]. 
Their main advantages over conventional miniaturized motion stages 
[6, 7] are the resolution and accuracy of nanometer level and low 
costs resulting from the use of batch fabrication processes. The max-
imum range of motion for most MEMS-based motion stages is from  

40 μm [6] to 50 μm [7] with sub-nanometer level resolution [8]. 
Their force generation also ranges from 11.7 μN [9] to 20 mN [6] 
depending on actuating mechanisms. With these capacities, the 
largest dimensions of the motion stages range from 350 μm [10] 
to 3 mm [11].

A conventional miniaturized motion stage widely used in 
precision motions is able to generate a motion displacement 
larger than 100 μm and also produce a force up to 10 N. In 
order to achieve these capabilities, the moving stage needs to 
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Abstract
Conventional miniaturized motion stages have a volume of 50–60 cm3 and a range of motion 
around 100 μm. Micro-electro-mechanical systems (MEMS)-based motion stages have been 
good alternatives in some applications for small footprint, micron-level accuracy, and a lower 
cost. However, existing MEMS-based motion stages are able to provide a force of μN level, 
small displacements (less than tens of microns), and need additional features for practical 
applications like a probe or a stage. In this paper, a single degree of freedom motion stage 
is designed and analyzed for a larger displacement, a larger output force, a smaller out-of-
plane deformation, and a bigger moving stage for further applications. For these purposes, the 
presented motion stage is designed with a thermal actuator, folded springs, and a lever, and it is 
experimentally characterized. Furthermore, three different types of flexure joints are investigated 
to characterize their capabilities and suitability to serve as the revolute joint of the lever: a 
beam, a cartwheel, and a butterfly flexure. The presented motion stage has a moving stage of 
15 mm  ×  15 mm and shows a maximum displacement over 80 μm, and out-of-plane deformation 
under a weight of 120 μN less than 2 μm. The force generated by the actuator is estimated to be 
68.6 mN.
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be designed large. The XYZ Piezo Stage4 [12] has a moving 
stage of 44 mm  ×  44 mm, which can be used as a testbed for 
a test sample. Compared with the miniaturized motion stages, 
MEMS-based motion stages have their advantages in their 
small footprint and cost, but they provide a shorter stroke and 
a limited force, and are also fragile. In addition, most MEMS-
based motion stages lack a moving stage, therefore it is not 
easy to interact with an object or position a sample without 
additional features like micro-manipulators.

In order to extend the application of MEMS-based motion 
stages, it is necessary to improve the capabilities that are cur-
rently inferior to conventional miniaturized motion stages. 
Examples of those include the range of motion, force, stiff-
ness, and a manipulating moving stage. To illustrate the design 
requirement, the required specifications for rheological appli-
cations are selected as a reference. Rheometers are designed 
to measure the flow properties of viscoelastic mat erials [13] 
trapped between two parallel plates [14, 15]. These two plates 
consist of an actuating plate and a stationary plate. When a 
sample material is placed between the two plates, the actuating 
plate applies a shear strain to the sample and its response is 
measured to calculate its viscoelastic properties. In this appli-
cation, a MEMS-based motion stage can be a good alternative 
to replace the actuating plate [13]. Many rheological measure-
ments were done with the operating frequency between 0.2 Hz 
[16] and 1 Hz [17], and the shear or storage modulus from 100 
Pa to 1.3 MPa [17]. In addition to these design parameters, a 
large moving stage is also needed to be able to apply the well-
distributed shear force to a test sample. The gap between the 
parallel plates must be larger than any grain size of a test mat-
erial, which is roughly 80 μm for a cementitious material [18].

For these reasons, an actuator and a displacement ampli-
fying mechanism are designed and analyzed. The commonly 
used actuating mechanisms in MEMS are electrostatic  
[19–21], magnetic [4, 22, 23] and thermal [24, 25]. Magnetic 
and electrostatic actuators are well known for their stable 
response at high frequency range, but their μN level force makes 
it difficult to provide an adequate force in some applications. 
Thermal actuators are able to generate mN level force [25, 26], 
however they generate a short range of motion. In order to over-
come the small stroke, a displacement amplifier is adopted in 
MEMS applications such as a compliant displacement amplifier 
[11] and a lever mechanism [7, 27]. The compliant displacement 
amplifier, consisting of two long slender beams and one pivoted 
beam, is able to amplify up to more than 3.17 times with a force 
less than 3 mN [11]. However, this amplifier requires a relatively 
larger area than a lever mechanism and it is not easy to analyze 
the analytic model depending on applications. Contrary to this, 
the lever mechanism is well analyzed in conventional designs, so 
it is possible to adjust the amplifying ratio reasonably. In addi-
tion to this, its footprint is smaller than that of the compliant 
displacement amplifier, so it is easier to embed a lever into the 
existing devices without a significant design modification.

In this paper, a MEMS-based motion stage is presented for 
providing a displacement larger than the existing motion stages, 
a mN level force, sufficient stiffness to prevent out-of-plane 
deformation, and a large moving stage. The design and the anal-
ysis processes are presented for this stage, which is composed 
of a thermal actuator, a lever mechanism, a moving stage, and 
the four folded springs. The lever mech anism is implemented 
with three different types of flexures. The comparison of those 
flexures is proposed to evaluate their performance. The pre-
sented motion stage is fabricated and experimentally tested for 
its maximum displacement and out-of-plane deformation with 
additional weight on its moving stage.

2. Mechanical design

The presented in-plane single degree of freedom (DOF) 
motion stage is composed of an actuator, a moving stage, and 
two levers. Its schematic diagram is shown in figure 1, where 
the solid lines stand for the beams and the circles represent 
mechanical hinges allowing rotational motions through their 
elastic deformations. The moving stage is 3.2 mm  ×  2.7 mm 
in size and is supported by four folded springs, which are 
designed to be flexible for its designated 1-DOF translational 
motion while being stiff against other directions. A lever 
mechanism consisting of two levers connects the actuator and 
the moving stage, and converts some portion of force into a 
large displacement. Based on this combination, the displace-
ment of the moving stage, Uplat can be expressed as a function 
of the design parameters of the actuator and the lever [7] as:
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where, F, K, and U represent force, stiffness, and displacement. 
The subscript act and plat represent the actuator and the moving 
stage, respectively. ∆Tave is the average temperature rise in the 
actuator. Each parameter shown in equation (1) is optimized to 
maximize the displacement and force in the following sections.

Figure 1. The schematic diagram of the presented one DOF motion 
stage.

4 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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For practical applications, the design requirements are 
defined broadly: (1) the total size is less than 10 mm  ×  10 mm.; 
(2) the beam thickness (T) of the actuator is 30 μm, which is 
pre-determined by the thickness of the silicon on insulator 
(SOI) wafers used in the fabrication; (3) all other beam dimen-
sions should be larger than 10% of the beam thickness (T). 
This is because the Bosch4 deep reactive ion etching (DRIE) 
process [28] recommends a high-aspect ratio less than 1:10 
for reliable etching operations.

2.1. The folded spring design of the moving stage

The folded spring used to suspend the moving stage is shown 
in figure 2. It consists of two long slender beams and one short 
pivoted beam. It is designed to be flexible for a designated 
in-plane motion and stiff against movement in any other direc-
tion. The folded spring determines the whole stiffness of the 
moving stage and also affects the design of the lever. The stiff-
ness of the motion platform, Kspring can be expressed [29] as:
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where μ is the Poisson’s ratio of silicon. Other design para meters 
are illustrated in figure 2. Parameter values are listed in table 1. 
Based on equation (2), the stiffness of the motion platform is cal-
culated to be 53.4 N m−1, while a finite element analysis (FEA) 
model gives a stiffness of 51.76 N m−1 indicating that the ana-
lytical model is very accurate with an error of only 3.17%.

2.2. The thermal actuator design

The actuator used in the presented motion stage is a bent-beam 
type or a chevron-type thermal actuator [30]. This actuator 
looks like a chevron and utilizes the thermal expansion of 
beams to produce a motion along its shaft. The main design 
parameters, except for the beam thickness (T), are illustrated 
in figure 3. The analytic relationship of the stiffness and the 
force of the bent-beam type electrothermal actuator are derived 
from previous studies [31]. Based on the analytical model [27] 
and the existing designs [7], the initial values are selected for 
each design parameter for the optimization process.

One thing to notice is the beam width (W). The bent beams 
in the actuator can be regarded as a slender axial-load carrier 
[31]. When the force generated by the actuator is larger than 
the critical buckling load of the beam, the beam starts buckling 
[7]. In this case, the maximum displacement or force from a 
thermal actuator can be limited by the buckling of beams [32]. 

In addition, any out-of-plane buckling also should be avoided 
by making the beam width (W) narrower than the beam thick-
ness (T) [7]. These relationships can be summarized as:

T

n
L W T

12 ave
2

 α
π
∆

< < (3)

where α is the coefficient of thermal expansion of silicon. The 
beam width (W) is limited based on equation (3) to avoid any 
unwanted buckling or deformation.

An additional design constraint is a thermal melting-down 
condition, because the thermal actuator is made of silicon and 
is limited by the material properties of silicon; the temper-
ature over its maximum endurable limit causes serious 
structural damage or permanent deformation. For this reason, 
the temper ature rise in a thermal actuator should be limited to  
550 °C [24] for a reliable operation.

In order to evaluate the important design parameters 
quantitatively and get the optimization trend, the sensitivity 
analysis is applied to the actuator design [33]. This analysis 
monitors the output by varying one design parameter, and 
measures its effect. This sensitivity analysis is implemented 
by utilizing the NIST 10-step analysis software [34, 35], 
which is based on the 2k factorial design ([36], 218–9) and 
results from finite element analysis (FEA) ([36], 170–1). In 
this analysis, the ranges of four main design parameters are 
determined; the beam length (L) between 800 and 1200 μm, 
the beam width (W) between 12 and 16 μm, the beam angle (θ) 

Figure 2. The folded spring design.

Table 1. The design parameters.

Symbol Component Design parameter Values

W Actuator Beam width 27 μm
θ Beam angle 2°
L Beam length 1520 μm
T Beam thickness 30 μm
n Number of beams 10
L1 Lever Long lever length 1160 μm
L2 Short lever length 180 μm
t Compliant joint Beam width 7 μm
b Beam length 150 μm
m Folded spring Number of the folded 

springs
4

Ws Short beam width 155 μm
Ls Short beam length 100 μm
Wspring Long beam width 20 μm
Lspring Long beam length 1000 μm
Lplat Moving stage Length 3200 μm
Wplat Width 2700 μm
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between 3 and 5°, and the beam numbers (n) with 7, 9, and 11.  
The linear relationship between the output and the design 
parameters with eleven beams is obtained and expressed as:

θ θ

θ θ

= + + − −

+ −

   U L W LW W

L LW

5.60 3.48 1.16 0.71 0.71

0.48 0.20 .

plat
 

(4)

With different beam numbers, all parameters are numer-
ically evaluated with their initial values and summarized in 
figure 4: (1) the beam length (L) is more dominant than the 
others; (2) the beam width (W) is also an important factor; 
(3) the longer beam length (L) is desirable with higher beam 
numbers (n); and (4) the third important factor is the interac-
tion between the beam length (L) and the beam width (W).

Based on these observations, the new parameters for the beam 
length (L), the beam width (W), and the beam number (n) are 
determined and the same analysis repeats itself to find the close 
values for their optimum within the allowable area. The beam 
length and the beam width tend to be larger under the given area, 
but the beam angle has its own optimum value between 2 and 5°. 
Based on the determined design para meters, a total of 41 models 
are created and their FEA results are compared with each other 
to find the optimum value with the given design parameters.

2.3. The lever ratio

The lever used in the presented motion stage plays an impor-
tant role in balancing between the force and the displacement 
of the moving stage. Since the force from MEMS actuators 
is generally not high enough, we need to analyze the lever 
mechanism to find the optimum lever ratio with the given 

design. For this analysis, the lever used in the motion stage is 
described in figure 5, where the right side is connected to the 
moving stage, the middle flexure hinge works as a pivot, and 
the left side is linked to the actuator. Based on this schematic 
diagram, the conservation of the moment can be expressed as:

F V F Vact act plat plat= (5)

where Vact and Vplat are the velocities of the actuator and the 
moving stage, respectively. Equation (5) can be further written 
as:
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These two displacements are tightly linked by the lever, so 
their relationship can be expressed as;
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where, L1 and L2 are the lengths of the two segments of the 
lever, as shown in figures 1 and 5. With equations (6) and (7), 
the stiffness of the actuator can be rewritten as:
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where, Kplat is the stiffness of the whole moving stage, 
which comes from both the rotational joints and the Kspring. 
Equation (8) indicates that the stiffness is proportional to the 
square of the lever ratio. Based on equation (8) and the free-
body diagram in figure  5, the displacement of the moving 
stage can be expressed [7] as:
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Figure 3. The adopted thermal actuator for the motion stage.

Figure 4. The effect of each design parameter of the thermal 
actuator based on the sensitivity analysis.

Figure 5. The lever mechanism in the presented motion stage.
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Based on equation (9), the output displacements are cal-
culated and plotted in figure 6, as a function of the lever ratio 
and the beam number (n). In figure 6, the output displace-
ment is linearly proportional to a lever ratio less than 1:3, 
which means that the actuator provides enough force for the 
lever with a small amplifying ratio. This linear increment 
starts decreasing gradually with a lever ratio larger than 
1:3 and then reaches its own optimum point around 1:7–12 
depending on beam number. After this global maximum 
point, the displacement starts decreasing slowly. This char-
acteristic comes from the fact that the force from the actuator 
is not sufficiently large to move the moving stage through a 
lever mechanism. From this analysis, twelve beams and the 
lever ratio of 1:9 are selected to utilize all available area in 
the given footprint.

2.4. Three lever flexure joints candidates

Three different types of flexure hinge designs are applied 
to the lever and compared with each other to evaluate their 
performances. The three types of flexure hinges are shown in 

figure 7. Figure 7(a) is a typical beam with five ribs which 
facilitate the accurate etching of this long flexure during the 
MEMS fabrication, since a long slender beam tends to be 
thinner and break during its fabrication. Figure 7(b) is a cart-
wheel type design or a combination of two beams, which has 
been used in precision motion stages [37] and is relatively 
stiffer than the single beam type. Figure 7(c) is a butterfly type 
[38], well known for a pure rotational motion.

The maximum translational displacement of the moving 
stage is limited by the maximum rotational angles of the used 
flexures. Based on the geometric relationship in figure 1, the 
maximum displacement of the moving stage, ∆Umax can be 
described as a function of the lever length, L1 as:

U Lmax max 1θ∆ = ⋅ (10)

where maxθ  is the maximum rotational angle. The maximum 
rotational angle will happen when the stress on the flexure is 
close to the yield strength of silicon (5–9 GPa [39]). Based on 
this relationship, the three types of flexures are applied to the 
levers as shown in figure 8, which are experimentally tested 
and compared with each other.

Figure 6. The expected maximum displacement with different lever ratios and beam number (n).

Figure 7. Three types of flexure hinges. (a) Beam type. (b) Cartwheel type. (c) Butterfly type.

(a) (b) (c)
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3. Finite element analysis (FEA)

Finite element analysis (FEA) using ANSYS4 is utilized to 
analyze the behavior of the motion stage and the three types of 
flexures. For accurate analysis, the assumptions for structural 
and thermal boundary conditions are applied as follows: (1) 
the only electrical connection is to the actuator; (2) all the ends 
of the folded springs, the pivots, and both ends of the actuator 
are firmly fixed to a ground and connected to a heat sink with 
a room temperature of 20 °C. The material properties used 
in the FEA are: Young’s modulus of 130 GPa, resistivity of  
0.01 Ωcm, and yield strength of 7 GPa.

The maximum force that the actuator needs to generate is 
numerically calculated, because this force is directly related 
to the shear stress. The shear stress mentioned in the intro-
duction ranges from 100 Pa to 1.3 MPa, indicating that the 
presented actuator is required to apply a force level from  
9.86 mN–11.2 mN to the moving stage. The thermal actuator 
with a single beam is able to generate a force of 6.86 mN. This 
value is in the target range and can increase by incorporating 
more beams. The maximum force of a thermal actuator with 
ten beams will be about 68.6 mN.

The stiffness of the actuator and the moving stage is also 
numerically investigated in this FEA. The stiffness of the 
actuator, Kact is expected to be 115.29 N m−1 based on the 
FEA. The stiffness of the actuator also increases proportional 
to the beam number (n) and will be 1152.9 N m−1 with ten 
beams. With four folded springs, the stiffness of the moving 
stage, Kstage is 46.28 N m−1 based on the FEA.

The frequency response of the motion stage with beam 
flexure is also analyzed with a harmonic forced response test 
by applying a cyclic load at the thermal actuator. The 1st reso-
nance frequency of the design of the presented motion stage 
with the beam flexure or the cartwheel flexure is expected 
to be around 2 kHz or higher. The structure of the presented 
motion stages is stable for the operations up to that ranges of 
frequencies. However, 1st resonance frequency of the thermal 
actuator itself is less than 0.7 kHz [7], due to its heating and 
cooling time. Thus, it is desirable to utilize the presented 

motion stage with frequencies less than 100 Hz for stable 
operations.

4. Micro-fabrication

The whole fabrication process of the motion stage is based 
on the silicon-on-insulator multi-user multi-processes 
(SOIMUMPs) [40]. A silicon-on-insulator (SOI) wafer is 
used as a starting material with a 30 μm thick device layer for  
the main device structures, a 400 μm thick handle layer for the 
backside frame, and a 2 μm thick buried oxide layer between 
them. The first step in the fabrication process is the deposition 
of the pad metal consisting of a first top layer of 50 nm chrome 
and a second layer of 500 nm gold for the electric connection 
of the thermal actuator to an external power supply. The fol-
lowing step is to transfer the main designs on the device layer 
with deep reactive ion etching (DRIE). The buried oxide layer 
in the middle of an SOI wafer works as an etching stop layer 
for this DRIE. After finishing the fabrication on the device 
layer of the SOI wafer, the handle layer of the SOI wafer is 
also processed with the same method used for the device layer 
to release the main components on the device layer. After the 
two DRIE steps, the remaining oxide layer is eliminated and 
the motion stage on the wafer is free to move. After packing 
and wire-bonding, the fabricated motion stage is ready to 
operate.

The motion stage fabricated using the micro-fabrication 
process is shown in figure 10(a), where the scanning electron 
microscope (SEM) image clearly shows an actuator (top), four 
folded springs (left and right), two levers, and a moving stage 
(middle). The moving stage has additional features like cir-
cular patterns made of metal or the device layer to increase 
its contact area with the target materials. The footprint of the 
moving stage is 3.2 mm  ×  2.7 mm and can contain more than 
a few nano-liters of fluid volume. The detailed image of the 
folded spring is shown in figure 10(b). Figure 10(c) shows the 
connecting mechanism between the actuator and the lever. In 
order to electrically isolate the moving stage, the connecting 
shaft has a deep isolating trench, but its trench backside is 

Figure 8. The lever with three types of flexures. (a) The beam flexures. (b) The cartwheel flexures. (c) The butterfly flexures.

(a) (b)

(c)
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linked to a connecting block made of the handle layer of the 
SOI wafer.

5. Experimental results

5.1. The range of motion of the MEMS motion stage

The motion stages with the three different types of flexures 
were fabricated and tested to measure their maximum motion 
displacement at first. For this experiment, two metal pads near 
the actuator are electrically connected to a direct current (DC) 
power supply and the corresponding motion is measured by 
an optical profiler, VEECO NT11004 [41]. The motion stages 
displacement results are summarized and plotted in figure 11. 
The maximum displacement of the motion stage is measured 
to be 80 μm with the beam flexure, 76 μm with the cartwheel 
flexure, and 28 μm with the butterfly flexure, respectively. The 
motion stage with the cartwheel flexure shows a performance 
similar to the beam flexure, because the rotational stiffness of 
the cartwheel is similar to that of the beam flexure. However, a 

decrease in performance is observed for a displacement larger 
than 70 μm, which comes from the geometric discrepancy in 
the lever mechanism and detailed in the following discussion 
section. The output of the moving stage using the butterfly 
flexure is relatively smaller than the others indicating that this 
flexure is not appropriate to convert the linear motion from the 
actuator into a rotational motion for the lever.

5.2. Out-of-plane deformation of the moving stage

The out-of-plane deformation of the fabricated motion stage 
under load is experimentally measured by placing a dead 
weight silicon block on the moving stage. The block applies a 
force of 120 μN to the moving stage. The 3D scanned images 
near the lever are shown in figure 12. The beam flexure and 
cartwheel flexure show the flagging of the moving stage less 
than 2 μm.

The displacements of the moving stage from its supporting 
frame with this additional weight are measured and plotted 
in figure 13. The motion stage with the beam flexure is more 

Figure 9. Finite element analysis (FEA) results. (a) The expected deformation of the folded spring with the beam flexure. (b) The expected 
response at the first resonant frequency.

J. Micromech. Microeng. 26 (2016) 095008
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flexible than the others along an out-of-plane direction, as 
shown in figure 13(a). The stiffness of the cartwheel is greater 
than the other designs and the levers are attached to only one 
side of the moving stage, so the moving stage tends to tilt 
as shown in figure 13(b). The out-of-plane deformation with 
the butterfly flexure is measured around 1.2 μm for 1.2 mm 
length. This is shown in figure 13(c) and is positioned between 
the other two flexures.

The out-of-plane deformation is also measured while the 
motion stage is in operation. This is measured at the moving 
stage close to the levers and is plotted in figure 14. The motion 
stage with the beam flexure shows an additional out-of-plane 
deformation of 1.5 μm when it generates a motion greater than 
65 μm. The motion stage with the cartwheel flexure tends to 
have a smaller out-of-plane deformation than the one with the 

beam flexures. However, the motion stage with the cartwheel 
flexures tends to fail near 75 μm displacement, which is earlier 
than the one with the beam flexures. It is difficult to maintain the 
motion stage stiffness because of the out-of-plane deformation 
with the butterfly flexure. Based on these observations, without 
the additional weight the cartwheel flexure is expected to show a 
larger stiffness against out-of-plane deformation than the others.

6. Discussion

In this section, the finite element (FE) models of the three 
joints are built to analyze their performance. Based on the 
measured dimensions of the three types of flexures, their 
corresp onding 3D models are constructed in SolidWorks4 

Figure 10. Scanning electron microscope (SEM) images of the MEMS-based motion stage. (a) SEM image of the fabricated motion stage. 
(b) The folded spring. (c) Close up view near the actuator.

Figure 11. The experimentally measured displacement of the motion stages with three types of flexures.
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Figure 12. The scanned 3D images of the three types of flexures (unit in μm). (a) The beam flexure. (b) The cartwheel flexure. (c) The 
butterfly flexure.

Figure 13. The dragging of the moving stage by three types of flexures for an external force of 32 μN on the stage (unit in μm). (a) The 
beam flexure. (b) The cartwheel flexure. (c) The butterfly flexure.
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based on the analysis used for multi degrees of freedom 
(DOF) model [42, 43]. For simulation, one end of each flexure 
is fixed as indicated by the red arrows in figure 15 and the 
other end is utilized for the corresponding coordinate system 
as shown in figure 15. A kinematic constraint of six degrees of 
freedom (DOF) is built on the plane where the coordinate is 
located [44, 45]. This plane is defined as the slave plane while 
the origin of the coordinate system is defined as the control 
point. For the beam flexure and cartwheel flexure, the slave 
planes are consistent rectangular planes. The slave plane of 
the butterfly flexure is the curved plane. At the origin of the 

coordinate, the moments along the three axes are applied. By 
means of this setting, the plane of the free end moves as a 
whole rigid plane when the loading is located at the origin of 
the coordinate. As shown in figure 15, the FE models of the 
three joints are meshed with 21 835, 124 207, and 155 336 tet-
rahedral elements, respectively. Table 2 presents the moment 
applied on the origins. The subscripts denote the directions of 
the moments along the axes of the coordinates in figure 15, 
respectively.

Based on the moment applied to the flexures, the corresp-
onding rotational angles along the three directions are also 

Figure 14. The change of the out-of-plane deformation in the presence of an external force of 32 μN on the stage.

Figure 15. Finite element modeling of the three hinge joints. (a) The beam flexure. (b) The cartwheel flexure. (c) The butterfly flexure.

Table 2. The rotational displacement of the three types of flexures when the moments are applied to the flexures.

Flexure type Moment Θx (radian) Θy (radian) Θz (radian)

Beam Mx (10 mN·μm) 3.56  ×  10−2 −2.27  ×  10−7 −2.25  ×  10−5

My (10 mN·μm) −5.62  ×  10−7 1.31  ×  10−3 −1.99  ×  10−6

Mz (1 mN·μm) 4.41  ×  10−7 −7.16  ×  10−8 6.94  ×  10−3

Cartwheel Mx (10 mN·μm) 7.31  ×  10−4 −2.70  ×  10−5 −3.10  ×  10−6

My (10 mN·μm) −2.7  ×  10−5 2.59  ×  10−3 −2.87  ×  10−6

Mz (1 mN·μm) −1.74  ×  10−9 −8.92  ×  10−8 3.28  ×  10−3

Butterfly Mx (10 mN·μm) 6.53  ×  10−3 −1.49  ×  10−7 −1.98  ×  10−6

My (10 mN·μm) 4.77  ×  10−7 6.34  ×  10−3 −3.89  ×  10−7

Mz (1 mN·μm) −8.51  ×  10−8 −1.92  ×  10−8 2.78  ×  10−3
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summarized and listed in table 2. The moment Mz is related 
to the in-plane stiffness of the presented motion stage and 
table 2 shows that the beam flexure is more flexible than the 
others. This indicates that the in-plane motion with the beam 
flexure will be larger than the others. Contrary to this, the but-
terfly flexure is expected to generate an in-plane displacement 
smaller than the others, because of its complex structure. The 
analysis described here matches with the experiments shown 
in figures 11 and 12. It explains the differences among three 
flexures.

The unwanted out-of-plane deformation is another factor 
that is analyzed using FEA, because when a sample is placed 
on the moving stage, its weight can cause an out-of-plane 
deformation and thus result in errors in the experiments. 
These FEA results explain well the experimental results of 
section  5.2 about the out-of-plane deformation. Since the 
flexure is also related to the lever mechanism, the motion θx is 
more dominant than θy. This is because the dimension of the 
lever along the y direction is much larger than the x direction 
indicating that a larger moment is expected along the x direc-
tion. The column of θx in table 2 shows that the beam type is 
more flexible than the other types for the out-of-plane defor-
mations and the cartwheel flexure is stiffer than the others. 
This comparison implies that the out-of-plane deformation 
can be minimized with the cartwheel flexure. Based on these 
comparisons, the beam flexure is preferred for a larger dis-
placement and the cartwheel flexure is preferred for reducing 
out-of-plane deformation.

Table 3 shows the list of the deformation results when 
a force is applied to the origin of the coordinate shown in 
figure  15. This translational deformation is important to 
evaluate the performance of the pivoted hinge or flexure. 
To achieve reasonable operation of a lever, the pivot should 
be flexible for the rotational motion along the Z-axis, but be 
firm against any other rotational or translational motions. 
The one end of the lever is linked to the actuator to generate 
a pure linear motion, not a rotary motion. This indicates that 
the pivot in the lever experiences both rotational motion and 
translational motion. In order to check this, the responses of 
the flexures are calculated by the X, Y, and Z translational 
forces, respectively. In table 3, the butterfly flexure is more 
flexible than the others and the beam flexure is the stiffest 

among them. In this case, the butterfly flexure is hard to 
operate as a pivot efficiently, because some portion of the 
force will be used to compress the butterfly flexure itself, 
and not generate a rotational motion. Contrary to this, the 
beam flexure is expected to operate as a pivot efficiently. 
Figure  16 shows the expected mechanical deformation of 
the butterfly flexure, which tends to be squeezed when the 
translational displacement of the actuator is applied to the 
joint.

Another feature to check is the stiffness against the trans-
verse force or the response for the force Fy. The two levers 
are connected to the moving stage in a symmetric layout. 
In this case, when the lever rotates, the flexures at the ends 
of the lever will experience shear deformation indicated 
by ∆y in figure 17, which will result in a ∆y displacement 
deformation. In order to reduce the effect from this addi-
tional deformation, it is desirable to maintain a low stiffness 
along the Y axis. In table 3, the beam flexure is more flexible 
than the other designs along this direction and the cartwheel 
flexure is the stiffest among them. This difference can cause 
a noticeable performance difference at a large displacement 
as shown in figure 11.

Table 3. The translational displacement of the three types of flexures when the forces are applied to the 
origin of the coordinate shown in figure 15.

Flexure type Force ∆x (μm) ∆y (μm) ∆z (μm)

Beam Fx (10 mN) 9.80  ×  10−2 −1.01  ×  10−4 −9.25  ×  10−5

Fy (10 μN) −1.25  ×  10−3 5.72  ×  10−1 −1.61  ×  10−6

Fz (100 μN) −4.66  ×  10−5 −4.56  ×  10−4 1.10  ×  10−1

Cartwheel Fx (10 mN) 1.99  ×  10−1 5.27  ×  10−3 −2.63  ×  10−4

Fy (10 μN) −2.58  ×  10−4 1.87  ×  10−1 5.11  ×  10−6

Fz (100 μN) −1.62  ×  10−4 −9.77  ×  10−5 2.02  ×  10−1

Butterfly Fx (10 mN) 1.78  ×  1000 1.60  ×  10−4 2.15  ×  10−4

Fy (10 μN) −4.07  ×  10−4 3.10  ×  10−1 −4.89  ×  10−7

Fz (100 μN) −2.01  ×  10−3 −3.58  ×  10−5 7.83  ×  10−1

Figure 16. The expected mechanical deformation of the pivoted 
butterfly flexure (unit in μm).
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7. Conclusions

The design, analysis, fabrication, and testing of a MEMS-based 
1-DOF motion stage are presented for practical applications 
with a large displacement and sufficient force. The specifica-
tion for a rheological application is utilized as a reference in the 
design process. For these design goals, the presented motion 
stage utilizes several features: (1) the optim ized bent-beam type 
thermal actuator for providing adequate force; (2) the well-bal-
anced levers with three different types of flexures for a large 
displacement; and (3) a moving stage of 3.2 mm  ×  2.7 mm as a 
test bed supported by four folded springs.

Through these design processes, the presented motion 
stage is able to generate up to 80 μm displacement with the 
beam flexure and less than 1 μm out-of-plane deformation 
with the cartwheel flexure. Compared with previous designs, 
the expected shear pressure ranges from 794 Pa to 7.93 kPa, 
which are within the range of conventional rheometers.

For reliable operation, the presented design is fabricated 
with three types of flexures and their in-plane displacement 
and out-of-plane deformation are measured experimentally. 
Based on these experiments and FEA results, the beam flexure 
is regarded as a desirable flexure for a large displacement, but 
weak for out-of-plane deformation. The cartwheel shows a 
good performance in reducing the out-of-plane deformation 
but its in-plane stiffness is relatively larger than the beam 
flexure, which is a not good for a large displacement. The geo-
metric issue of the lever is also mentioned in the discussion 
session where the additional stiffness for a displacement larger 
than 70 μm can cause poor performance with the cartwheel 
flexure. The butterfly flexure is designed for a pure rotational 
motion, so it is inappropriate for the use of this lever which 
has to convert a translational motion into a rotation motion.

The presented MEMS-based motion stage is designed based 
on practical requirements, so this stage can be utilized in various 
metrological applications, especially a rheological measure-
ment utilizing its large moving stage or micro-manipulations 
applications by placing an object on its moving stage without 
significant deformations. In addition, the analysis and the testing 
of the three types of flexures can be a guide in the design and 
application of various flexural mechanisms, such as amplifying 
mechanisms, positioning stage, and sensors among others.
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